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Abstract

A multiple sensor system is considered under binary hypothesis environments.
All sensors are assumed independent, and the observed data is also independent.
Received data is quantized and then send to the fusion center to determine whether a
target is present. The Sequential Probability Ratio Test is employed in the fusion
center. The objective to find an optimal system by minimizing the expected number
of observations. Both two-level and four-level quantizer are used in the process of
finding the optimal system. Numerical evaluations are made to find the quantizer
which minimize the expected number of observations that are required to decide the

presence of the target. System simulations are also performed to confirm the results.
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CHAPTER 1

Introduction

1.1. Literature Review and Goals

The Sequential Probability Ratio Test (SPRT) was first developed by Wald. In
[1], he presented the general theory of the sequential analysis and SPRT. Over the
years, there are many books have been written about the sequential analysis. In par-
ticular, Dr. Siegmund has discussed this topic in a very precise and condensed form

in his book [2].

In [3], sequential detection based on simple quantization has been analyzed. In
this paper, the classical ruin problem in probability theory was applied to analyze the
sequential dead-zone limiter detector and the sequential four-level detector. How-
ever, the author did not study the the effects of the quantization level of a quantizer
on the sequential system, and his results were only applied to a single sensor. Chair,
Hoballah and Varshney [4] applied the sequential detection theory to decentralized
system where multisensors were used. A global decision was made based on the
local decision of each sensor. Local decision rules were given by the likelihood ratio
test (LRT), and the authors used the Neyman-Pearson approach to derive the optimal

rules for each detector.

In our research, we also considered the problem of the distributed sequential
detection system. However, instead of using LRT at each sensor as meniioned in

Chair, Hoballah, and Varshney’s paper, we simply quantize the observations into m-

1




level and sent them to the fusion center, the fusion center employs a sequential pro-
cess that has the option to make a final decision on whether or not to continue the
process by taking one more observation from each sensor. Our goals were to obtain
the analytical expression on the expected number of samples that are required to
make a decision in terms of the probabilities associated with the quantized observa-
tions, and to investigate the effects of different quantizers on the expected number.
We are particularly interested in the systems which have two-level and four-level
quantizers. The performances are compared through numerical evaluations and :ys-

tem simulations.

1.2. Overview of Chapters

Chapter 1 contains a literature review in which some of the important papers are
discussed. It also describes the goals of the study, and the general overview of each

chapter is given. The conditions and general assumptions are also mentioned.

A discussion on a two-sensor-system with m-level quantizer is presented in
chapter 2. The sequential probability ratio test is stated for the system. The expres-
sion of the expected number of observations is also determined, and G function is

defined in terms of expected number of observations.

In chapter 3, the emphasis is on the two-sensor system with two-level quantizer.
By assuming that the distribution function of the otservations has a double exponen-
tial character, the numerical evaluations are performed on the expected number of the
system for various quantizers, and the optimal systems are found. the effects of the

parameters of the double exponential on the system are also considered. The results




are plotted, and the evaluation program is in appendix A.

Work similar to that done in the previous chapter is done for the system with
four-level quantizer in chapter 4. The analytical expression as well as the numerical
evaluation of the expected number are performed for different four-level quantizers
and parameters of the double exponential distribution function. The data is plotted in
the end of the chapter, and the program of this study is in appendix B.

The results from chapter 3 and chapter 4 are presented in chapter 5. Each

system’s results are compared to the other results. The detailed discussion of each

system is also given in this chapter.

In chapter 6, the optimal quantizers that are found in previous chapters are used
to simulate the two-sensor system. The results are listed and plotted. In this chapter,
the derivation of the random environment of double exponential is also discussed.
The results are shown in the end of the chapter, and the simulation program is in

appendix C.

In chapter 7, final comments and conclusions are made on the study.

1.3. Environment

The environment consists two hypothesis H; and Hg. H; shows that a target is
present, and Hy indicates that no target is present.
1.4. Assumption

We assume that the data observed at a sensor is independent and identical distri-

buted. It is also assumed that the observations of one sensor are independent from

(@S]




the others.

1.5. Advantages of the Sequential Test

The sequential test is considered optimal in the sense that it minimizes the
expected sample size both under H; and Hy among all tests have no larger error pro-
bability with independent and identical distributed observation [2]. Its average sam-
ple size is smaller than the fixed sample size required by the Neyman-Pearson test for

the same performance.




CHAPTER 2

General Analysis of a Two-Sensor System

2.1. The Model and Configuration
2.1.1. Decision-Making at the Individual Sensor

There are two hypotheses H, and Hy. At each sensor, the hypotheses are
presented by the probability density functions. The sensor quantizes the incoming
data into m-levels. The m-level quantizer shown in Figure 2.1 is precalculated
according to the optimal rule which will be derived in later chapters. As shown in
Figure 2.2, each quantized level is associated with two conditional probabilities. If
X; falls between a, and ay_;, the probabilities associate with X; are px; and pio.
Figure 2.3 shows the quantized regions under hypotheses H; and Hp of sensor two.
The total number of bits that is transmitted to the fusion center depends on the

number of the quantized level. For a four-level quantizer, it requires two bits of data.

2.1.2. Decision-Making at the Fusion Center

At the fusion center, Sequential Probability Ratio Test (SPRT) is employed.
The decision is made by comparing the two predetermined thresholdes A and B
where A is less than B. The fusion center will request more information from the

sensors if it cannot decide whether the target is present.
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Figure 2.1 Model of m-level Quantizer
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Figure 2.2 The m-level Quantized Probability Space of Sensor 1




Quantized Region for Sensor 2
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Figure 2.3 The m-level Quantized Probability Space of Sensor 2

2.1.3. The Overall Process of the Model

As mentioned in chapter 1, sensors are independent each other. The incoming
signals are first quantized into m-levels, and then send to the fusion center. Depend-
ing on whether the likelihood ratio(LR) at the fusion center is greater than B or less
than A, the final decision is made. A target is either detected if LR is greater than B,
or the target is not present if LR is less than A. If the LR is laid in between the thres-
holds A and B, the center requests each sensor to send one more quantized observa-

tion as shown in Figure 2.4.
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Figure 2.4 Model of the Sequential Detection System




2. Definition of the Sequential Probability Ratio Test

2.2.1. General Definition of SPRT

If x1,x2,... is a sequence of random variables with join density function fn, and

there are two hypotheses H; and Hg such that:

Ho: fn="fon(x1.%2....,%p) (2.2.1)
H1 . fn = fl,,(xl,xg, e ,Xn) (222)
I, is defined as likelihood ratio:
l, =1l (X1,X2, .. ., Xp)
fin(x1,X%2,...,X%
_ ln( 1,42 n) 2.2.3)

N fon(x1,%2,...,Xp)
Let the thresholds A and B are chosen such that 0 <A <B <o, and start observing

data x,,x5, ..., sequentially until the random time N which is the first n such that
either I, 2B, or I, <A. If 1, 2B, then H, is selected, and if 1, <A, then Hy is

selected. This can be expressed mathematically as following:

—-—

firstn2>1 suchthatl, ¢ (A,B)
oo ifl, € (A,B) foralln>1 (2.2.4)

Stop sampling at the time N and if N < o0

RejectH; ifl, 2B
AcceptHy ifl, <A

2.2.2. Calculation of the Thresholds

Thresholds A and B were calculated in terms of the error probabilities of first

and second kind (ot and B, respectively) in [1].

10




For given o and B where

a=Py{lny 2B} (2.2.5)
B=P,{In <A} (2.2.6)
A and B can be expressed as following:
a=1=8 (2.2.7)
o4
B= B (2.2.8)
l-a

2.3. SPRT for Two Distributed Sensors

23.1. Definition of the LR
Extending the definition of the LR in (2.2.3) to two sensors, the LR of this sys-

tem can be written as:

- fln(xl’XZ’ « v+ 3 Xns Yi:Y2s- - ’y:\)
fon(X1:X2s « s Xn3 Y1,¥25« - -+ Yn)
where f1,(X1,X2,...,Xn; Y1,¥2s+-.»Y¥n) and fon(X1,X2,...,Xn; ¥Y1,¥25+-.,Yn) are

n 2.3.1)
join density function of observed random sequence x;,x3, . ..,X, from sensor 1 and
¥1,¥2, - ..,Yn from sensor 2 under hypotheses H; and Hy respectively (see Figure
2.3).

Applyng the assumption that the observations of one sensor are independent

from the other, the above equation (2.3.1) can be re-written as:

_ fn(0%2 - X (1Y2s - 5 V)
n fon(xl,)Q, ce vxn)fOn(YI’YZ’ e ,yn)
Furthermore, if the individual observation of each sensor is independently distributed,

(2.3.2)

(2.3.2) becomes:

11




B fin(x)f1a(yx)

Ih= 233
" a1 fon (i )fon (V) @33)
Taking log on both sides to arrive at the log likelihood ratio:
2 faGadfin(yx)
logl, = ¥ log—n—x 1Y% (2.3.4)

=1 fon (X )fon (yx)
23.2. SPRT

Using the LR that is defined in the previous section, the SPRT can be stated as

follows:

Sampling the random sequence Xx,X3,... and y;,ys,... sequentially until the ran-
dom time N, such that logly is greater or equal to b, or less than and equal to a. The
hypothesis H, is accepted if logly 2 b and the hypothesis Hy is accepted if logly < a,
where

a=logA’
b = logB’

A’ and B’ will be derived in the next section.

23.3. Calculation of the Thresholds A’ and B’

As defined in equation (2.2.5), « is the error probability of first kind, and
o = Prob{ decide H; 1 Hp}

= Y Prob{ stop at n and decide H, | Hy)

n=1

= ¥ Py(N=n,l, 2B) (2.3.6)

n=1

Let B, be the subset of n-dimensional space  where

A" <l(Xg,. . Xk3¥1, .-, Yk) < B’ for every k<n, and
12




In(X1s -+ s Xni¥1s--->¥n) 2B’ Hence, the
{N=n,1,>B}={(X1,...,X3¥1,----¥n) € Bp}.

Let A, be the subset of n-dimensional space
A" <Xy .o XKV e -5 Y) < B’ for every k<n
L(X1s e Xn3Y1s--->Yn) SA. Hence the
{(N=n,1, A"} =((X1,...,Xn¥1,----¥Yn) € Ap}.

Now the definition in equation (2.3.6)

a=Y | fon(X1y -« - »Xns¥1s « - « »¥n)dX] « - - dxpdy) -

= Z f()n(xl, e ’xn)fOn(YIv e ,y,,)dxl M dxndyl e dyn.

Using the condition that 1, 2 B’,

1 o0
as '_;Z f1nX1s -« - X i (V1s - - -, Yn)dXy * * - dxpdyy ©* - dyn

B =1B,
1 o0

= _IZ jflﬂ(xl" .. ,xm)’h oo ,yn)dXI b 'dxndyl . .dyn
B n=1B,

=Lsp(N=n1L2B)
B n=1

=—;7Prob{decidc H; 1H,)
1

?(1 — Prob( decide Hy | H; })

_1-B
B’

By the same method,

13
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and

set

2.3.7)

(2.3.8)




B = Prob{ decide Hy | H, }
= ¥ Prob{ stop at n and decide Ho ! Hy)
n=1
=¥ Pi(N=n1,<A)
n=1
= Z j fln(xl’“‘vxmyl’---,yn)d-xl dxndy1 ...dyn
n=1

=¥ [finCx1s . o X0)in(y1s - - Ya)dxy - - - dxpdyy - - - dyn.
n=1A,

<A’ Z J‘fon(XI,...,xn)fon(yl,,.. ,yn)dxl ...dxndy] .. .dyn
1A,

i

M

AI

If&l(XI,. .. .mel,...,yn)dxl .. 'dxndyl . .dyn
1A,

7

=A’YPy{N=n,1, A"
n=1
= A’Prob/{ decide Hy | Hp)
= A’(1 — Prob{ decide H; | Hp})

=(1-mA”" (2.3.9)
The a and P can be approximated. Since the equations (2.3.8) and (2.3.9) have ine-
qualities only because 1, does not have to reach the boundaries A" and B’ exactly
when it first leave (A’,B’), we can ignore this discrepency and treat (2.3.8) and

(2.3.9) as equalities. Then

a= —13'79 (2.3.10)

14



B=A"(1-w) 2.3.11)
23.4. Derive the Expected Value of N (E;{ N })

To derive E;{ N ], it is necessary to look at the equation (2.3.4). By taking the

expected value on both sides of the equation, it becomes:

n e )fin(yk)
E;logl, = E{ ¥ log—n—k1nJk’ 4.
o8 E‘{El o8 fOn(xk)fOn(yk)} 24.1)

where E;{ } is the conditional expectation under hypothses H;, and i =0, 1.

Wald’s identity [1] said that if V;,V,,... is i.i.d with mean value p =EV;, Let M
be any integer valued random variable such that (M =n) is an event determined by

conditions on Vy,V,,...,V, for all n=1,2,..., and assume that EM <o, then
M

E( 3 Vi) = KEM.
k=1

From (2.4.1), we can define Vy as:

fin (i)
Vi = _l_’i.‘i)_l“_(_@ 2.42)
fon (xic)fon (Yx)
f f
Since fin(Xk), fi1n(Yic)sfon (Xk), and fo, (yy) are all i.i.d, log tn ()10 () is also i.i.d.
fon (xic)fon (Yk)

Using the definition of Wald’s identity on the right side of the equation (2.4.1), it

gives

Eilogl, =E; (N} =E;V,E;{ N} (2.4.3)
On the other hand, the left side of the equation (2.4.1) can also be approximated as a

two-valued random variable taking on the values a and b by the same reasoning used

to derive (2.3.10) and (2.3.11).
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E;logl, = aP;(l, < A’) + bP; @44)
After applying equations (2.3.10) and (2.3.11), and doing some simplifications, the

equation (2.4.4) can be re-written as:

Eplogl,=a(l-a)+b 1;‘3

=a(l - ,- 7)+b > —
B’ -A B

_aB’ - D +b(1-A") (2.4.5)
B,—A’

and

E\Logl,=aA’(1-a)+b(1~B)
- aA’(B’-1)+bB’(1 - A")

24.6
B -A’ ¢ )
By substitution, equation (2.4.3) can be written as:
- A’(B'-1)+bB’(1-A’
E,N=E;'(v,)2A B - D+bBU-A) 2.4.7)
B'-A
- ‘"~ 1D+b(1-A")
EoN = Eg! (V)28 4.
0 o {V1} B - A) (2.4.8)

2.4. Evaluate E; {N} Under Quantization

As mentioned in section 2.1, the system described here utilizes a quantizer at
each sensor to quantize the received signals. Assuming a m-level quantizer is used,
thus the space is divided into m intervals. At the jth interval of sensor 1, there are
two conditional probabilities associated with it, namely P(j | Hp) and P(j | H;). The

general conditional probability of both sensors are defined below:

16




For sensor 1: P(x;=jH;)=pj (2.5.1)

P(x; =j | Ho) =pjo 25.2)
For sensor 2: P(y;=11H))=qq 2.5.3)
P(y; =11Hg)=quo (2.5.4)

where |, j=1,2,...,m. Using these definitions in (2.5.1), (2.5.2), (2.5.3), and (2.5.4),

the equation (2.4.2) for V| can be re-written as follows:

Vi=los ?(1)2(1) (2.5.5)
J
Thus E;{V,} becomes
Pj1dn
E;{V1} =E;{log )
s l Pjodio
i Pj qu
=Y ¥P(x; =j, y1 =11 Hy)log———
";'ZP R l Pjodio
= ZZP( X1 =j | hl)P( Y1 =11 H,)log plell
i Pjodio
... Pj1dn
] e 2.5.6
ngpjlq] & ijqJO ( )

where i = 1,0; j,le (1,...,m) by invoking appropriate independence assumptions.

If the above equation is substituted into (2.4.7) and (2.4.8), the conditional

expectation.of N can be expressed as:

aA’(B’-1)+bB(1-A") Pitdn
E|N= — ( i1q11log ) 2.5.7
1 B A JZZI:PﬂChl o010 (2.5.7)
a(B"-1)+b(1-A" Pj1dn
EoN= ALt (XY Pjoqplo ) 2.5.8
0 B -A) JZlepjoqlo g e (2.5.8)
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2.4.1. Definition of the G Function

In the previous section, E;N and EgN have been evaluated. In order to find

optimal solution for the entire system, we first defined a function G,

G= Y EN.

i=0,1
Now we express the G function in terms of EyN and EgN:

aA’(B’ — 1)+ bB’(1 - A") Pj1qu
G= — (EXpjqulo )
B'-A ALY
a(B’ — 1)+ b(1 — A") Pi1du
G + A (XXpjodiolog ) 2.59
B Ay SER0oEy o (2.59)

If o and P are given, then A’ and B’ are known from equations (2.3.8) and
(2.3.9). The G function only depend on the probability of quantization levels. Thus,
to have an optimal system, one must to find the optimal quantizers for both sensors

that will minimize the equation G.

In next chapter, we will study the effect of the two-level quantizer on the sys-

tem.




CHAPTER 3

Analysis of a Two-Sensor System with Two-level Quantizer

3.1. The Model and Configuration

The system that is analyzed here is closely related to the one in chapter two.
However, in chapter two, the signals are quantized into m-level at each sensor. The
main concern in this chapter is to study the two-level quantizer system both theoreti-

cally and numerically.

3.1.1. The Model of Sensor

Since sensor 1 and sensor 2 are identically process the incoming data, it is rea-
sonable to choose an arbitrary sensor as an example. Taking a look at sensor 1,
shown in the figure 3.1, a two-level quantizer with thresholds T, divides both proba-
bility functions fy; () and fo; () into two regions. The received signal Xy is quantized
to 1 if it falls below the threshold T, and it is quantized to 2 otherwise. For the kth
signal, the conditional probabilities associate with each quantized level are listed

below:

For sensor 1:

p51 = P(Xy is above the threshold Ty | H;) = P(x, =2 | H;) (3.1.1)
p%1 =P(Xj is below the threshold T, 1 H;) =P(x, =1 | H)) (3.1.2)
p5o0 = P(Xy is above the threshold T; | Hg) = P(x, = 2 | Hp) (3.1.3)
p%o = P(Xy is below the threshold Ty | Hg) =P(x, = 1 | Hp) (3.1.4)
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Two-level Quantizer System

Ho Hj

Sensor 1

Ho Hj

Sensor 2

q,

N
Ty \qzo

Figure 3.1 Quantized Probability Space of Two-level Quantizer System

For sensor 2;
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q¥; = P(Yy is above the threshold T, | Hy) = P(y, =2 | H;)
q¥, = P(Yy is below the threshold T, ! H;) =P(y, =1 | H))
q5o = P( Yy is above the threshold T, ! Hg) = P(y =2 | Hg)
q%o = P(Y is below the threshold T2 | Hp) =P(y, = 1 | Hp)

3.2. Evaluate the Expected Value of N (E; {N})

The general expression of E; {N} has been evaluated in chapter 2.

(3.1.5)
(3.1.6)
(3.1.7)
(3.1.8)

To derive the equation of E;{N]} for the system with two-level quantizer, one must

find E;{V;} first. Using the probabilities defined in the last section, the equation

(2.5.6) can be expanded as:

., Pjdn
E;{V1} =X Y p;qlilog——
' 51.‘.21'. & Pjodio
= priay;log P11d11 + pyyazlog P11qQ21
e poqe 1 P10920
P214q11 P21q21
+ p2qi;log + paiQailo
Paidui P20920 T8 P20920
where
Pli=P%i;
P2i = Phis
qli=q}i;
Q2i=Q%i;
and i = 0,1. After some simplifications,
P20P11 qn P10q10
Ei {V,]) =pylo +qylo +lo
HVi) =pa gPZlPlO D gClzlfho Puidn
P2oP11 J20a11 P1oGio
Eo{V,]} =pxplo + Qylo +lo
ofVi} =Pz nglplo 420 nglfho P1dn
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Then the E; {N} can be expressed as follows:

F1{NT = e —Bl')j :SB"- 2 [Wllog% +qalog 2:::)
o] 620
EolN} = - -113)' T_ t;\('l = [onlog&% + qgolog :2(:2:
o] 629

3.2.1. An Alternative to Derive E;{N}

In the case of two-level quantizer, if the signal is quantized into —1 or 1 depend-
ing on whether it falls below or above the threshold T, then the signal is an antipodal

signal. Let’s define

Sp=x;+x2+ -+ +x, forsensorl (3.2.6)

Shn=y1+y2+ -+ +y, forsensor2 (3.2.7)

Notice here that (S} is a case of random walk. If assuming a; is the number of 1’s

among n signals, then n — a; is the number of -1°s,

Sp=a; —(n-a;) (3.2.8)

Sp=a;—(n-ay) (3.2.9)

Now expressing a; and n — g; in terms of n, S, and S;;:

n+S,

Q= > (3.2.10)
n—Sn

n-a = > (3211)
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(3.2.12)

(3.2.13)

In the section 3.1, it was mentioned that an incoming signal is quantized into 1

and 2. However, no matter what value we assign to the quantization level,

bility that associates with it is the same. Thus

the proba-

P{Xl =1 |H0} = P20 (3214)
P{Xl =-11 Ho} =Pi1o (3.2.15)
P[xl =11 Hl} = P2 (3.2.16)
P{xl =-11 Hl } =P1u (3217)
P{y;= 11Hp}=qp (3.2.18)
P{y,=-11Hp}=qo (3.2.19)
Ply;= 11H}=qy (3.2.20)
P{y;=-11H;}=qnu. 3.2.21)
The LR becomes
L= f1(x1,%X2, .« - » X0 )1 (¥1,¥2, - - -+ ¥n)
" fo(x1,X2, - o Xp)fo(Y1,Y2s - - - 2 Yn)
_ [P{x; =1 1 H )] [P{x; =—1 1 H J" ' [P{y; = 1 THR )2 [Py, =-1 T H, ]2
[P(x; =1 1Hp)]" [P(x; =—1 1 Ho)]" ™ [P{y; =11 Hg)]?[P(y; =—1 | Ho}]" >
n+Sp n-Sy n+§n n—§n
P2l 2 [pul 2 [au) 2 [qul 2
= n+Sp n~Sp n+Sp n-Sp (3.2.22)

[p20] 2 (p1o) 2 [azo] % [au0) 2
Taking logrithm on both sides of the equation (3.2.22),




n+S, P21 n-S, Pn l'1'.'§n Q21 n-S, q11
logl, = lo + lo lo + lo
g 2 ¢ P20 2 ¢ P10 2 ¢ dQ20 2 ¢ 10

And using the definition of expectation and Wald’s identity,

1 P21 P11
E; {logl,,} = E—[(Ein + EinEixl)logE(-)- + (Ein - EinEixl )lOgE)‘
an
Q10

Since E;x; =2py; —1, Eyy1=2q2 —1, Eox;=2py» -1, and Egy, =2qp~1,

+ (Ein + Einanl)log% + (E;n - E;nE;y; )log (3.2.23)

E; (N} and E¢{N} can be simplified to exactly the equations (3.2.4) and (3.2.5).

This gives us an interesting thought that there is more than one approach to a
problem. In this case, we can think that the two-level quantization system can be

considered as a random walk problem.

3.2.2. The G Function

Utilizing the equations derived in the last section, the G function is expressed by

simple substitution.

G=E1N+EON
aA’(B’-1)+bB (1 - A’ - aB’ - 1)+b(1-A’
(B ? - ( ) +E01 {Vl} ( ? (’ )
B'-A B'-A
where A” and B’ are defined in chapter 2, and E;{V;) and E¢{V;} are shown in

=E7 (Vi)

(3.3.1)

(3.2.4) and (3.2.5).

3.3. Minimization of G Under the Double Exponential Assumption

By applying the double exponential distribution to the G function, one can show
how the system performs numerically and what the optimal system will be. The rea-

son that a double exponential distribution function is chosen is that it is easy to
24




manipulate.

3.3.1. Probability Density Function

For sensor 1:

M o xe
Hi: £ =o-e 1 X! (3.5.1)

r4

A _
Hy: fo(X)=—§1-e°Mlx ki (3.52)

For sensor 2:
A2 a1y
Hy: fI(Y)=-2ic M1 Y-pnl (3.5.3)
A2y
Hy: fo(Y)=72e Al Y-kl (3.5.4)

3.3.2. The Sequential Probability Ratio Test

The log LR is defined in (2.3.4). By applying it to the two-level quantizer case,

n oy (xf (k)
logl,= ¥ log—mm88 ™ —
Bl = e R0

- ilog Pj1dn

k=1  Pjodio
where j,1=1,2.

(3.5.5)

Now, the two random sequence xj,X32,... and y1,y2,... are sampled sequentially
until the random time N where N is the first n that logl, is not between a and b. At

the time N,

AcceptH, iflogl, 2b,




AcceptHy iflogl, <a.
Since o and P are given, and they are defined in (2.3.6) and (2.3.9), then

a=logA’

=log - o (3.5.6)
b =logB’

= logl—;ﬁ. (3.5.7)

33.3. Calculation on G function
In order to calculate the function G, it is easier to evaluate E; {N} and E¢{N}

first. From (3.2.4) and (3.2.5), E, {N} and E; (N} are derived. By applying the dou-

ble exponential functions,
aA’(B’'-1)+b(B’ -A")
B -A’

-1
P20P11 Q20d11 pxocho]

lo +qnlo +log
_le ngwa a nglcho PnChlJ

E (N} =

- - Tl
Al agixepnl M A ixepg!
- —e —e
13

_2A'(B - 1) +bB - A) Iﬂe-x,u-mulog !

’ ’ o T
B -A Ty 2 J-he-lllx-mzl ll‘l_e-lnlx-llnl
| 02022
- T2
&Z_C-lzly—pzll Ike"lﬂ y-p22!
+ A Azly-pnly .12 ~ 2
I 5e og— T
T2 A “Agly=pxnl Ay -Az2ly-pai!
[5e 5
Ta 2 et 2
T Tz 1
I _}‘_l_e-lllx-p.nl _)"_2e-12l y-un!
+ log T N Toy (3.2.8)
J-_l_c-xllx-unl I_-e-lz'y-m'
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p20log———— + qyolog

Eo{N]} =
0 B’ -A’ P21P10 21410 PnCInJ

=2

-1
aB’ - 1)+b(1-A") P20P11 Q20411 +log Plon]

oo Ty
Ix=puyy! 1 =AIx=-pp2l
I e 11X=411 e 11 X=§12

_aB - D+bA=A) | T M - b g 1

N 2 T
B'-A Ty A'l -Mlx Hi2! A'l —Xllx -p1!

2

T12

Az er2ly-hal J’ }‘2 e~r2!y-pal

TA 2
12 y= V'ZIllog

T2

2 oo
J‘l’z_e-lzl y-uz! ,[ ﬁe-lzl y=p2!
£, 2 .2
Ty 2z T2 1-1
_le-lllx'-unl j&e-lzly-um'
2.2 2

+log T Tzl
S -Mlx mat ¢ A2 —lzly 15,1
2 2

3.29

Then G=E; (N} + Eg{N)} can be calculated. Below are the list of calculated

probabilities of all quantized levels for sensor 1:

IfT) > py,
TM gixemat _ 1 ATy -
Doy = Te 1 x-p2 =?e 1(Ty1-p12)
1
T
M x-pp! 1 (T -
iy = Te 11x=p12 =1-Ee 1(Ty-p12)

1 Aplx- l 1 -

A -A(Ty -

P20 = [—e 1 x-ppn ~e 1(Ty-un1)
. 2

T
A Al 1
_ Ayl x—ppp b _ =A(Ty-u11)
P1o ) >

—00

Ifp <Ty Sy,
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_ 1 M-

=1
P21 2
Py = 1 -A(T1-p2)
n=73
_ 1 a(Ti-mo)
P20 = 2
1 ATy -
p10=1—50 1(T1-p11)
KT Sy,
1 a(Ty-
P2 =1—-2—c 1(T1-p12)
1 -A(T1-p12)
=—e
P11 5
po=1- _le-h(Tx-uu)
2
1 AT -
p10="2-¢ (T1-p11)

For sensor 2, the probabilities of quantized level are similar to those in sensor 1.

If Tz > pga,
A
- - |
Q1 = _2_e 2ly-u2nl _
2
T2
_ ﬁ-lziy—uzz'_
qi1 = 23 =
= “A2ly-pal
Q20 = __2_e y-u21! _
2
T2
Mo
qio0 = —i-e

If Yy <Tz Sz,

lc—lz('l‘z -u2)

2

1 - _;_e—lz('rz—uzz)

_1_e->~2(T2 -H2t)

2

2ty=ual _ g _ 1 -Aa(T2-p)

2

28




1= L aT2-p2)

Q= )
1 a(T2-
Q11=‘2'e 2(T2 -p122)
1 (T2~
a0 =5¢ 2(T2-H21)
1 —a(T2-
Cho‘—‘l"ie 2(T2-H21)
If Ty SHgp,
G =1- 1 a(T2-p2)
2
1 2(T2-
Q11=E° 2(T2-u22)
QGo=1- 1 -r2(T2-pan)
2
1 -2(T2-
Cl10="2'° 2(T2-p21)

3.4. Numerical Evaluation of G

The optimal sequential system that is studied here is defined as having the
minimum amount of data needed to determine whether the target is present under the
hypotheses H; and Hy. Since G is the sum of the conditional expectation of the total
number of observation N, the expected N under both hypotheses will be minimized if
the minimum of G is found. Thus the purpose of the numerical evaluation is to find

the best quantizers for both sensors which minimizes the G function.

During the evaluation, different parameters such as f;, M1, K21, 22, @, and B

are used to determine the effect on the system. The values of A; and A, remain the

same throughout the study, and A; = 0.25 and A, =0.125. By varing T, and T,, the

minimum G is found.
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Figure 3.2 shows the G function with respect to T, and T;. The means uscd
here are symmetric about the y-axis, and W)y =1, U2 =1, Hp; ==2, and pyp =2.
The error probabilities o = B =0.01.

As it shown, the G function is at its minimum when the both T} and T, of the quan-

tizers are equal to zero.

If the means of the density functions is kept the same, and the error probabilities
increase such that a =3 = 0.05, the G is shown in Figure 3.3. The plot in figure 3.4
gives the relation between G, T}, and T, with & =0.01 and B = 0.05, while the means

are still as same as in the previouse figures.

In Figure 3.5, the characteristic of G with means that are not symmetrical about
the y-axis is studied. The means of the density functions are
Hig ==2, 412 =1, =3, U2 =2, and the error probabilities o=0.01 and
B =0.05. From this figure, it is clear that the optimal quantizer has its quantized level

selected such that it is in the center of the mean.

Figure 3.6 gives another perspective when the M3 =-3,l;,=3,
H21 =-5, Uy =5, a=0.05, and p =0.01. The optimal quantized level is not in the
center of means, T; =-0.1, T, =-0.2. Again in Figure 3.7 shows the same conclu-
sion with a different set of error probabilities, o = 0.01, B = 0.05. The G is minimum

when Tl =0.3 and Tg =0.1.
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CHAPTER 4

Analysis of a Two-Sensor System with Four-level Quantizer

4.1. The Model and Configuration

The process of this sequential detection system is the same as in chapter 2 and
chapter 3. The two independent sensors send quantized observations to the fusion
center which employs a sequential detection scheme to determine whether a signal is

present or not.

The only difference is that the sensors use four-level quantizers instead of two-
level ones. The expected number of data will be reduced, since the data from the
four-level quantizer contain more information than the data from the two-level quan-

tizer.

4.1.1, The Model of Sensor

As shown in Figure 4.1, each quantizer consists of two variables, namely T; and
D; where i=1,2. It divides the probability space into four regions. These are
(o, T, =Di], (T;=Dy,T;l, (T;,T;+D;], and (T;+D;,+w). After the sensor
receives a signal, depending on which region it falls in, the received data is quantized

to 1, 2, 3, or 4. Then this quantized value is sent to the fusion center for processing.
Below are the list of probabilities associated with each quantized level:

For sensor 1:
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Four-level Quantizer System

Sensor 1

T-D; Ty H+D)

Sensor 2

T-Dy Ty T5+D,

Figure 4.1 Four-level Quantized Probability Space

Pa1 =P(X € (T; + Dy, +e0) | H)) =P(x; =4 | Hj)

p31 =P(X,e(T;, Ty + D] 1 H))=P(x; =3 1 H,)

38

4.1.1)

4.1.2)




p21 =P(X,&(T; =D, T1] | H))=P(x; =2 | H,) (4.1.3)

p11 =P(Xj€(~ee, Ty = D] I H)=P(x; =1 | Hy) (4.1.4)
p1o = P(X,€ (T} + Dy, +eo) | Hp) = P(x; =4 | Hp) (4.1.5)
P10 =P(X,&(T}, Ty + D;] | Hg) =P(x, =3 | Hy) (4.1.6)
p20 =P(X;€(T; - Dy, T1] | Hp) =P(x; =2 | Hp) 4.1.7)
P10 = P(X; & (s, T, - Dy] | Hp) =P(x; =1 | Hy) (4.1.8)

For sensor 2:

Qa1 = P(Y,&(T; + Dy, +o0) | Hy) = P(x; =4 | Hy) 4.1.9)
@31 =P(Y,& (T, Ty +Dy] 1 Hy)=P(x; =3 | Hy) (4.1.10)
1 = P(Y,€(Ty =Dy, Ty] | Hy) =P(x, =2 | H;) 4.1.11)
Q11 =P(Y €(—, Ty =D,] I H)) =P(x; =1 | Hy) (4.1.12)
Qa0 =P(Y1€(Ty + D2, +0) | Hp) =P(y; =4 | Hp) (4.1.13)
Q30 =P(Y,€ (T, Ty + D3] | Hy) =P(y; =3 | Hp) (4.1.14)
Q20 =P(Y1€(Ty = D2, T1] 1 Hp) =P(y; =2 | Hp) (4.1.15)
qi0 = P(Y € (-2, T) = D3] I Hg) =P(y; = 1 | Hp) (4.1.16)

4.2. Evaluate the Expected Value of N (E; {N})

Using the general expression of E;{V,;} in (2.5.6), one can derive E;{V,;} for

the four-level quantizer system.

44 .
Pj1du
Ei{Vi} = X Ypjiqilog
' ZEPO8 g
= priqy;log Pn1di + priazlog P11921 + s log P11931
S T I Pod20 T C Prodso
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+ ppiqalog Pnda log an + priazilog P21921
S b 0a40 b o AETE D a0
+ prigalog P21931 + puaailog P21941 + pyaylog P31qn
@ P20d30 4 0 il P309i0
P3142:1 431 P31q4;
+ p3iqailog + p3iqs;log + p3iQqilog
P30920 0 P30940
+ paquilog Pa1q11 + log qn + puqsilog P41931
41411 Pa0920 414121 14131 Pa0d30
P41441
+ PaiQqilog 4.2.1)
P40940
Then the E; {N} can be expressed as follows:
-1
aA’(B’-1)+b®B’ - A") Pj1dn
E|{N}= lo 422
! B -A’ ngp, q" gp qxo] 4.2.2)
-1
aB'-1)+b(1-A") Pjidn
Eo{N} = > olo 423
0 B — A’ ):{Ep,q] gp qm] (4.2.3)

where a, b, A’, and B’ are all defined in chapter 2.

4.2.1. The G Function

In chapter 2, the G function is defined in (2.6.1). By appling the functions

E, (N} and E({N} derived in the last section, G becomes

G=EN+EN
_ A'(B’-1)+bB’(1—A")  __ B’ = 1)+ b(l — A’
=gl (v,) 2B DA BUAZA) gty 2B DA
B -A B -A
-1
_ 3A’(B'~ 1) +b(B’ — A") Pi1an
lo
B A [Ezlpﬂ% g - qu
-1
, A8 =D +b1-A) Pi1qu
oqolo 4.3.1
B -A’ [E{l}_:p’ a gp Cho] *43.1)
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4.3. Minimization of G Under the Double Exponential Assumption

4.3.1. Probability Density Function

Double exponential density functions are applied to the equation G to find the
optimal system. We assume that the double exponential probability density functions

are as same as in chapter 3.

For sensor 1:

H;: fiX)= X—Z‘e"“ | X-pi2! 4.4.1)

Hy: fo(X)= )‘—Z‘e'*' 'X-pn! 4.4.2)
For sensor 2:

H;: fi(Y)= %e"”' Y-zl 4.4.3)

Hp: fo(Y)= %e‘w Y-pul 4.4.4)

4.3.2. The Sequential Probability Ratio Test

For four-level quantizer, the LR is defined as:

n £y (xf) (k)
logl, = Yilog———mmmm—
Ehn El g fo(xx)fo(yx)

n Pj1dn
= Y log—— 4.4.5
k§l ng0‘110 ( )

where j,1=1,2,3,4. Then the SPRT can be restated as sampling the two random

sequences Xi,Xz,... and y;,Yy2,... sequentially until the random time N, where
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N = first n 2 1 such that logl, ¢ (a,b)

=oo if logl,&(a,b) for all n.
At the time N,

Accept H;

Accept Hy

4.3.3. Calculation on G function

if logl, 2 b,

if logl, < a.

Equations (4.2.2) and (4.2.3) give the expressions for E; {N} and E; {N}. Now

using the double exponential functions,

r -1
aA’'(B’' -1 +bB’ -A) | &3 Pidn
E;{N}= ® ,) b,(B ) >3 pirqulog—
B -A =111 P;oQio
aA’(B’ -~ 1)+ bB - A% | Pudn Pida
= — lo + lo
B_A .anl g Qo Pudqa gprzo
+Puslog Pudsn + D11 logpnq“ + Dy Qyy log P21dn
! P1o930 M P10d40 S P20q10
P21921 P21Q3 P2a1941
+ lo + lo + lo|
P2192;1 108 P2ot20 P21431 108 P20 P21441 108 P2l
+ P21y log Paiqnt + D31 Qy log Pa1q21 + Pa1 Qs 108 Pa1qan
P30Qi0 i P3092 et P30
P31qa; Pa1411 P41Q21
+ lo + log—— lo
P31Qa1 108 Prodeo Pa1q11108 Paodio P41q2, 108 Peodan
+ ParAnlog L | b, qq log 2434 )
Pa0Q10 P4od40

- aA’(B'-1)+bB’ -A")
B - A’
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Ti-Dy T2-D2
PR A
Ayl x- t 1 A lx- I
TI‘DI}\ Tz-Dzkz Te 11 x=-H12 _z_e 1l x~py2
J _16—11|x—u.12| J’ _e—lzly—unllog — .
2 — 2 Tl_le TZ-DZ
- J _‘e-lx“-lln' J' ﬁe-’-zl)“uzx'
o 2 2
T1-Dy T2
A'l -Mlx mz! l2 -lzly—p.zzl
T, -D Ty 2 2
+ J' xl ‘Mll-llxz‘ j _Aie—lzly—unllog . T:-D2
T 2 Tl‘Dll T2 7y
2-D2 1 -lllx-p.“l 1 —lllx—}lnl
2° L=
— T2-Dy
T, -D; T2 +D;
A’l =Ap | x=py21 M ~Azly=paal
ooy ey 7 I e
M -lllx—p,nl I _A_’l_e-lzly—pnllo — T2
2 T 2 ng‘Dll T2+D2
2 1 ~Apix-pnl ) —Azly=pa1l
2° 2°
—— 2 Tz
T1-Dy -
&‘_ ~A 1 x-py2l A_“_ A2l y—p22l
T, -Dy K - 2 ¢ 2 ¢
+ j‘ i -kllx-pul ﬁe-hly-"nllog — Ty +D2
2 Ti-D -
- T2+D2 ﬁe"-xl!-mﬂ J‘ he-lz'y-uzl'
- 2 T4, 2
T T2-D;
l’l =i 1x=py2! A'z -Aly=paal
T )\ T2-D2 > ¢ ,[ _2'e
+ I M —lxlx-uul j _A_’l_e-lzly—uzzllong-Dl
2 T T2
- M =M lx=-py ! M e~ 22!yl
i .7
T)-D T2-D2
Ty Ta
ﬁ_ Al x-ppa! & -Azly-pal
oA T2 2° 2°¢
M —kllx-mzl A ~Azly-p2l T =Dy T2-D;
Ry [ 5 log—; %
Ti=D T2=D2 _l_‘,e-'h tx—ppl &c-lz' y-un!
1,2p, 2 T,2D, 2
Ty T2+D,y
ﬁe-ll Ix=py2! hc-lzl y=Haz!
Ty VR 7,7, 2 2
—M!xmH2 —Ze2 y-llnllog 1~ 2
T} -Dy 2 2 2 T l‘ Tz#DzM
A lx=py ! “Agly-pa |
TC Ayl x=pn J 22 haly-mn
Ty =Dy ] 2
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Ty

ﬁe-lllx-lhzl _)‘le—lﬂy-utz'
T‘ - 2 2
_l_l_ Ayl x=pyal -Ale."zly-unllog Ti-D T2+D;
+ 2 [ 2 Ty N - N
T -Dy Ta+D; I _16-11 Fx=pppi J _2_6"'2' y-uy!
T, -Dy 2 T2 +Dy 2
Ty +Dy T2-D;
J‘ ie-hlx-llxz' I _}‘E_e-lzly-llzz‘
Ty +D T3~Dy X 2
A Ayl x—py2i ﬁ haly-nzly Ty
+ TC 2 ¢ gT1+D1k Tz-Dzkz
1 had _l_e—xl | x—uul J' __e—lzly—jlnl
2 2
A -
Tl +D1 Tz
ie-h Ix-ptya! ﬁe-lz'y-uzz'
Ti+D T2 2 7 2
[ Mo M iy T T2-Dp
o 2 ¢ 2 T1+Dy T2 )vz
T T3-D2 J' _le—h Ix=pp | 22 o Mly-hnl
T 2 25D, 2
Ti+D; T2+D2
he-lllx—mzl _IJ ﬁe-lz'y—llzz'
T;+Dy Ty +Dy M - _ f, 2 A 2
1 —Aplx=pyal AN A ly unll
—2—e ) Ty +Dy 2 Ta+Dy
T 2 5 _1e—lll 2=yl j he-lzly—wnl
T 2 Tz 2
Th +D1 -
ﬁe-’txll-ulzl I ﬁe-hlx-llu'
T1+D; .- 2 2
A A I x=py3! ke—lgly—pzﬂl 1 T2+Dy
+ 5° 2 Ti+D1 o = %
1 Ta+D2 _Le—lllx—uul _e-xzvy-uz,l
1 2 T2+Dy 2
T2-D2
-
ll =2yl x=pya! k ~Ayly—-paai
T-D; | o J 2 ¢
< ll Al Aq — Ty +Dy —-o
-yl x-py2d ~A2ly-pz)
+ J‘ _2_e 1 3 I 76 log TZ-DZA
Ty+Dy — J’ __le—ll Ix=pp! J' _ic—lzly-ule
Ty + Dy 2 —ce 2
- T2
ll Al x=py2l AQ ~Azly-pal
- ¢ | e
+ J' x_‘e‘ll'l-llu' .)\_Qe'lz')'-llzz‘log Ti+Dy TZT_DZ
- 2
Ty +Dy 2 T;-D, 2 _)Ll_e-lllx-un' ke—lzly-pzll
Ty +Dy 2 Ty -D;y 2
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T2+Dy

J _A'l_e'll Fx—-py2l J‘ ﬁe-lzl y-puz!
- A TevD2y, 2 2
+ f 2 Mix-mal f __e-lziy—uzzllong*Dl T2
- T1+D2
T +Dn T; ﬁe-x, Ix~py ) J _A_fZ_e-le y-Hat |
Ty +D; 2 T2 2

- -1
_lle-’qlhmzl J‘ _xz_e—lziy-uzz']

N .J: he-xnx-mzl -f l’l__e-lzly-uzz'lo Ti+D 2 T2¢D22 (4.4.6)
T +Dy 2 T2+D; B ﬁe-lxlx-unl R ﬂ,e-’-llx-nul
Ty +Dp 2 T2+Dy 2
(B=1)+b(1-A") ppau |
a(B-1)+ j1Hit
Ex{N} = lo
o(N) B _ A [%gp)o%o g Joqu
aB" - D +b(1-A") P11qu
= lo
B - A Piod10 gp o010
+p qzlogp”qm +Prog 1ngl 1431 +D1od 10gP11CI41
10720 P10920 10730 P1od30 10740 P1oQ40
+Da0q logpzlchl +pzoqm10gp2‘q2 + Dt long:‘ht
2070 P20q10 P20920 % P20930
+ P 10gP21Q41 +Pxd logp3 +p qzoogps 1421
I T T T P30z
+ Pyod logpalcbl + Py logp“q‘" + Paot logp“q“
0
30730 P30930 070 P30940 om0 Pao
+ Paotolog T2 L 1 pisolog P BL 1 pooquolog R
Pa0q20 0 Pa0Q40
- aA’(B"-1)+bB - A")
B -A’
[ T, -D T:-D;
}'1 A lx- | xl -l x- |
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- ~1
J' ﬂe—lﬂ -2l I )"2 e—lzl y—ﬂnll

e [ Mo } X iyt A0 2 Ti+D 2 @4.7)
13D 2 T4y 2 Mmoo e
T1+D| 2 Tz#Dz 2

Combining equations (4.4.6) and (4.4.7), G =E; {N} + Eo{N} can be calculated.
Below is the list of the probability of each quantized level under different Ty, Dy, T,
and D, where ;7 <T; <Mz and Hp; < Ty <Hp,. It has been found by our evalua-

tion that G has its minima at the region p3; < Ty <2 and Hp; < Ty <U2.
For sensor 1,

If Ty +D; 2 12 and T, —D; 2 Hy3,

AMoagix 1
~Aplx-ppl _ 1 ~A(T1+D1-p12)
pa=_[ e T =g '
T1 +Dy
T +Dp
_of M w1 M- _ 1 M(Tie D -
= [ 5 =1-3° -7
1
Ty
ll _ - 1 - - - -
pa1 = M Mtx-ppt _ 1 hua-To | 1 -Aua=Ti+Dn)
! 2 2 2
T -Dip
T -D
M Arlx-pp2l _ 1 _-A(u12-T) +Dy)
= [ e =7
T M g 1 '
— “Aptx=-ppl _ 1 A (Tr+Dy-fty1)
e "7
Ty + Dy
T + Dy
Mo agixepyt 1 - - 1 - -
P30 = I e Ayl x-pq =-§c A(Ty w21 A(T1+Dy -ppy)
T 2 2
T)
M apix-pygt 1 -A(Ty=D;- . - -
P20 = J‘ 21 et x-an = e 1(T1=Di-pip) _ & ~A(Ti-p1n)
Ty -Dy 2 2
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T]-Dlz
Ti-Dy
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I3
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IfT, +D, < Hi12 and Ty =Dy <up;

M agix- 1 —a(Ty- 1 - -
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Pio= J. 2 ¢ - 2C

—00

For sensor 2, the probabilities of quantized level are similar to those in sensor 1.
For sensor 2,

If T, + Dy 2 4y and T, = Dy 2 Yy,
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4.4. Numerical Evaluation of the G Function

The numerical evaluations are done by using the G function defined in the previ-
ous section. Since we have to deal with four variables, namely Dy, D,, Ty, and T, it
is not very convenient to graph G in terms of these variables. The graphs plotted here
are the ones with optimal T; and T, which means that G is the smallest at that pairs
of T1 and T,. In Figure 4.2, the curves represent the G of the four-level quantizer
sequential system (FQSS) with respect to Dy and D,. It is under the conditions that
Ty =T2=00, u11 =-1, up1 =1, 12 =-2, i3 =2, and a =B =0.0]. In the evalua-
tion, G is also calculated using different pairs of T, and T,, and it is shown in Figure

4.3.

In Figure 4.4, the means are kept the same as Figure 4.2, and both o and B
increased to 0.05 with T; =0.0 and Tz =0.0. Next, it shows G function with dif-
ferent error probabilities, ¢ =0.01 and B =0.05 with T, =T, =0.0 in Figure 4.5.
With means shifted to the left, u;; =2, Uy =1, H12 =-3, and Hyy =2, the G is
drawn in Figure 4.6 with the same error probabilities as the previouse graph and Ty =

T, = -0.5.




Figure 4.7 shows what happens to G, when the means are p;; =-3, pz; =3,
K2 =-5, and Uy; =5. The error probabilities o = 0.01 and B = 0.05 with Ty =-0.1

and T, =-0.2.
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CHAPTER 5§

Comparison of the Performance of Sequential Systems

5.1. Performance of Individual System

G function has been defined as the sum of the expected number of data to be
taken by the system under hypotheses H; and Hy. By minimizing G, it also minim-
izes the data that satisfies both hypotheses. Our optimal sequential system is obtained

by finding the minimum of that function.

In the previous chapters, the G function is evaluated over different quantizers,
means, and error probabilities. Here, those functions are compared with each other

such that different characteristics of the sequential systems are studied.

The plots that we discuss here are from Chapter 3 and 4.

5.1.1. G of Two-level Quantizer System

In Chapter 3, Figure 3.2 shows the G function with respect to T and T;. As T,
and T, come closer to the origin, G decreases. It has its minima at T; =0.0 and
T, =0.0, and G =45.26. In this case, it seems that T; and T, are independent of
each other that no matter what T, is, the minima always occurs at T, =0.0. Figure
3.3 shows that G decreases as the error probabilities increase. This can be easily
explained since the system allows a larger percentage of error, it requires less data to
be collected before making a decision. Again when T; and T, are at the origin, G

has its minima which is equal to 26.63. Figure 3.4 uses different error probabilities,
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and o =0.01 and $ = 0.05. The minimum of G is equal to 35.61 at T, =T, =0.0.

. Table 5.1 lists the the minimum of G from Figure 3.2, Figure 3.3, and Figure

3.4. Itis clear that G decreases as the error probabilities increase.

A little more interesting observation can be found when the means move away
from the origin as shown in Figure 3.6 and 3.7. The minimum of G does not occur at
Ty =T, =0.0. Instead, as in Table 5.2, it has its minima at T; =-0.1 and T, =-0.2,
and a > 3. The data of Table 5.4 are from Figure 3.6. From the table, one can notice
that T, at the minimum G increases as Ty decreases. Figure 3.7 shows the case in
which the error probability o is less than B, both T; and T, are shift to the left, and
T; =0.3 and T, =0.2. The minimum value of G is 6.509 which is smaller than the
one in Figure 3.4 under the same error probabilities. This shows that it is easier to
detect a signal when the two density functions under hypothesis Hy and H; are

further apart.

Thresholds || a=PB=001 | a=001 =005 | a=p=005
T, | T, G G G
0.1 | 00 49.68 39.18 29.23
08 | 00 a8.02 37.86 28.26
06 | 00 36.31 36.87 37.53
04 | 00 4593 36.18 77.03
02 | 00 45.42 35.76 76.73
0.1 | 00 45.30 35.66 26.66
0.0 | *0.0 45.26 3561 26.63
01 | 00 4526 35.64 26.66
02 | 00 45.42 35.72 26.73
04 | 00 45.93 36.10 27.03
06 | 00 46.78 36.76 71.53
08 | 00 48.02 37.72 78.26
10 | 00 49.68 39.00 29.23

Table 5.1 Tabulated Data of Minimum G with Two-level Quantizer
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=005 p =001
T, T, G
03 | 0. | 808
25 | 01 | 7.51
20 | 01 | 7.16
15 | 01 | 682
10 | 01 | 664
08 | 01 | 659
06 | 01 | 655
04 | 02 | 653
02 | 02 | 6517
0.1 | *-02 | 6516
0.0 | 02 | 6519
01 | 02 | 652
02 | 02 | 653
04 | 02 | 656
08 | 02 | 664
10 | 02 | 671
15 | 03 | 693
20 | 03 | 724
25 | 03 | 768
29 | 03 | 8.14

Table 5.2 Minimum G with Two-level Quantizer o= 0.05 § =0.01
5.1.2. G of the Four-level Quantizer System
In general, as it shows in the graphs of Chapter 4, both D1 and D2 do not change
for a given means. However, like previous section, the G function decreases as the
error probabilities increase. In Table 5.3, the information in Figure 4.2, Figure 4.4,

and Figure 4.5 is tabulated.

As in Figure 4.7, it has the smallest minima of G compared to other figures
because the means are further apart from each other which makes the target more dis-
tinguishable. This allows the system to require less data to make the decision

whether the target is present. The data from Figure 4.7 is tabulated in Table 5.4.
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T,=T1,=00 | a=B=001 [ a=0.01 B=0.05

D1 D2 || a=B=0.05 G €]
0.1 1.3 43.52 34.24 25.61
0.3 13 43.00 33.82 25.29
0.5 1.3 42.69 33.59 25.12
0.6 1.3 42.64 33.55 25.09
*07 | *1.3 42.63 33.548 25.088
0.8 1.3 42.67 33.58 25.11
1.0 1.3 4286 33.73 25.22
15 1.3 4327 34.05 25.46
2.0 1.3 43.49 34.20 25.58
3.0 13 43.65 34.45 25.69
4.0 1.3 43.74 34.42 25.74

Table 5.3 Tabulated Data of Minimum G with Four-level Quantizer

T, ==0.1 T, =02 a=0.05p =0.01 ;
DI D2 G
0.1 3.3 6.14
0.5 33 6.78
1.0 33 5.84
15 3.3 5.76
1.7 33 5.75
19 33 5.743

20 33 5.742
71 33 5744
23 33 575
25 33 577
30 33 5.84
40 33 5.97
50 33 6.04

Table 5.4 Minimum G with Four-level Quantizer, o = 0.05 f§ = 0.01

Table 5.5 tabulates the data of various T; and T, with aa=0.01, B =0.01,

u;p =-1,uy2 = 1, up; =-2, and uy; = 2. This shows how G varies with T and T;.

5.2. Comparison of System

From the numerical analysis, one can conclude that the system with a four-level
quantizer, in average, requires less data to make a decision than the one with a two-

level quantizer. By compared by picking a column from both Table 5.1 and Table
65




T, = 02T, =-03 T,=T,=00 || T,=031,=03

D2 D1 G DI G D1 G

0.1 0.7 43.84 07 | 4370 || 08 44.06
03 0.7 43.49 07 | 4336 || 08 43.69
0.5 0.7 4331 07 | 43.09 || 08 43.39
0.6 0.7 43.10 07 | 4298 || 08 4327
08 07 292 07 | 4281 || 08 43.08
1.0 07 32.80 07 | 4270 || 08 4294
15 0.7 a2.73 07 | 4265 || 08 4284
2.0 0.7 42.90 07 | 4287 || 08 43.94
3.0 0.7 43.33 07 | 4327 || 08 43.39
40 0.7 43.55 07 | 4348 || 08 4367

Table 5.5 G with Various Ty and T,
5.3. G of the two-level system is larger than the one of the four-level system. For
a=0.01, B=0.01, uj; =-1, ujp =1, uy; =-2, and uy, =2, the improvement on the
G function is 5.8 %. However, for aa=0.05, p=0.01, uy; =-3, ujp =3, uy; =-5,
and up; =3, the improvement on the G function is 11.88 %. Table 5.6 shows the

improvement on the G function for various error probabilities and means.

Notice from Table 5.6, the improvement of G for a given set of means are the

same no matter what the error probabilities.

The other observation is that Ty and T, of the four-level quantizer system is the
same of the two-level quantizer system. T; and T, from a two-level quantizer system
can be used.for designing a four-level quantizer if it is under same means and error
probabilities. This approach will reduce the total number of calculation to find the

optimal G.
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. G with G with

Condition Two—level Quantizer | Four-level Quantizer % Improvement
a=0.013=0.01
Uy = -luysy=1 45.26 42.63 58%
Uy ==2 Uy =2
a=0.01 B=0.05
uy =-lup=1 26.63 25.09 58%
Uy = -2 U = 2
a=0.05p3=0.05
U =-lu,=1 35.61 33.55 58%
Uy = -2 Uyp =2
a=0.05p=0.01
uy; =-3u;=3 6.516 5.742 1188 %

021=—5 Up =S5

Table 5.6 Improvement on G

67




CHAPTER 6

System Simulations

6.1. Simulation Method

From Chapter 3 and 4, the optimal sequential detection systems are found. It
has been shown that the quantized levels of a quantizer has a major effect on the
sequential system. By selecting the quantizers that associate with the optimal system,

the system can be evaluated under the real environment.

6.1.1. Derivation of The Double Exponential Environment

Since the computer that is used to simulate the system has a random value gen-
erator with uniform distribution, transformation method must be used to generate the

double exponential density environment.

Let x be the uniform distributed random variable, and x € (0, 1), then the double

exponential density function Fy(y) is equal to x. Thus y = Fy'1 (x).
The distribution function can be evaluated by integration of the density function

fy(x) = %e')""‘“',and

Fy(x) e Mz-nlg,

1}
b
N>

If x 2y, then
Fy(x)=1- %—e‘“"'“’
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If x <, then

1 -
Fy()=e Mu=x)

the inverse fuction Fy(y) is
y=p+ —;\-log( 2x) for x20.5
y=p-— -;Tlog( 2(1 =-x)) for x<0.5

6.1.2. Simulation and Discussion

The first systems to be simulated are under the conditions that 1, = -1, 412 =1,
M21 =-2, and M7 =2. With the error probabilities varing, the amount of data N
required to make a decision are collected. Total of one thousand trials are made, and
Figure 6.1 shows N of two-level quantizer system with error probabilities o= (0.01
and B =0.01. Figure 6.2 is N of four-level quantizer system with same error probabil-
ities as in Figure &2. In Figure 6.3, Figure 6 .4, and Figure 6 .5, it gives an enlarged

view on how N varies in different trial and error probabilities.

Figure 6.6 assumes that the means pq; =-3, 3 =3, fy; =-5, and iy =5, and
N under both quantized systems are plotted. Notice that the dashed line of all plots

represents N of the four-level quantizer system.

From the graphs, one may notice that the system with four-level quantizer has a
higher G values than the system with two-level one. The results of the system simu-
lations confirm that in average the four-level quantizer system requirs less amount of

data than the two-level one.

69




120

110 S

100 -

90

80 4

70 <

N 60 4

50

40 - 10 |

30 “

20 ',

10 -

¥ | — |
0 100 200 300 400 500
Trial Number
Figure 6.1 N of Two-level Quantizer System

70




120

110 +

100

90—!

80

70

N 604

50 -

40 -

30

20 |

10 4

L ]
0 100 200 300 400
Trial Number
Figure 6.2 N of Four-level Quantizer System

71

500




100

100

——— T I % e -
anrczzzcizasseee
- =
e =t
P cr i [O
- N S
llﬂll“ll”‘.ﬂ'lluuulll

— o

— o

)

\D

S— | o

- - "2}

. "

] e srEzzziIlT =

— T T T T Q

=)

(48]

| o

(¢

-2

_ i _ : J J I T —“o
o o o o o - il 3 X

()] o0 ~ vs) F K[ g =

N 504

Trial Number

Figure 6.3 Enlarged N with o

0.01

=B=

72




T — T
70 80 90 100

T
60

I
50
Trial Number

I
40
Figure 6.4 Enlarged N with &

T
30

T
20

100

90 -

80

70 -

0.01 8=0.05

73




100

S o= =————

T T f | 1
40 S0 60 70 80 90
Trial Number
Figure 6.5 Enlarged N with a

T
30

T
20

100

90 4

80

70 A

60 -
N sp-
40
30

0.05 B =0.05

74




=YEEXY

T
S0

T
40

20

19 -

18 4

17 4

16 4

15 4

14 -

13 4

12 4

11 4

10 4

Trial Number

0-

.01 and means at -3,3 and -5,5

=05B=

Figure 6.6 Enlarged N with o

75




CHAPTER 7

Conclusion

The objective of this study is to analysis and design a two-sensor sequential
detection system. The optimal system is found by numerical analysis, and that sys-

tem is simulated.

In this study, the expected number of observation is first derived, and then func-
tion G is defined as the sum of that expected number under both hypotheses. By

minimizing G, it minimizes the expected value of number of observations required.

G is directly related to the quantizer of each sensor. As shown in chapter 2,
function G is an equation in terms of the probability of the quantized levels.

Minimum G can be found by selecting appropriate quantizer.

Two-level and four-level quantized system are used in the analysis. Assuming
the environment is double exponentially distributed, G is evaluated under various
conditions. The numerical evaluations show that a four-level quantizer system has
smaller value of G than a two-level one. This shows that a four-level quantizer sys-

tem requires less data than a two-level one to make a decision.

It is also found that for a given density function, the quantizers are always the
same for both sensors to have a minimum value of G no matter what are thé error
probabilities. As the means of the density function moving further apart, G
decreases, and the quantized levels are not necessarily divide the probability space

symmetrically. The system simulation confirmed the results of the evaluation.
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tion.

In the future, it might be interesting to look into the case of dependent observa-
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APPENDIX A

Program for Evaluation of G Function of Two-level Quantizer System

This program calculates the G function of two-level quantizer system for vari-
ous parameters. The means of double exponential and error probabilities are pro-
vided, and then this program calculate the probabilities associated with each quan-
tized level for different two-level quantizers. The main routine find the value of G.

The plots in chapter 3 are provided by this program.
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P#t#*****tt##*t**###iﬁ*#*#**##*#**###t#*t‘*tt*t#*#**t***tt**t##t‘#

This program is used to find the minimun number of data that

required to determine wheter a target is present by

appling sequencial detection theory. Two independent sensers

are used to detect the signals from the source. Two-level

quantizers are used here, and optimal quantizer is found.
lt##*nlt‘!tt#‘*t#ttt*‘##t#ttt#tttitttt#tt.l‘ttt####ttt#tt‘ttt‘*#‘tt#tt/ #include
<stdio.h> #include <math.h> /*define the value of error probabilities*/ #define alpha 0.05 #define beta
0.01 /*define the constants of double exponential density functions*/ #define U10 -3 #define U11 3
#define U20 -5 #define U21 5 #Jefine 11 0.25 #define 12 0.125

mainQ /* find min EN and store the data for further uses*/ {
double T1,T2; /*quantized levels of both sensors*/
double Cons1(),Cons0Q);
double U1Q,U20;
double P1(,P2();
double f;
double m,ta,tb;
double UQ;
FILE *fpout;
fpout = fopen("chp3fg6”,"w");
/ttt‘#‘t.t.#“.tttltt‘tttt‘Uttt‘t‘#t“““tt*#‘tt*‘##.*“t*l' L calculam G func_
ﬁon * t*ltttt*ttt**ti‘ttt*t‘*#tltt‘****tlt*&**t#‘ttttttttttt‘tt't#*/
for(T1=-3.0; T1<=3.0;T1=T1+0.1) {
for (T2=-50;T2<=5.0; T2=T2 +0.1) {
f=(Cons1Q /UI(T1,T2)) + (ConsOQ / U2(T1,T2));
fprintf(fpout,”%5.2f %7.2f %10.40,T1,T2,f);
)

}
fclose(fpout); }

double U(p1,p0,q1,q0,c1,c2) /* calculate the U expression */ doubie p1,p0,q1,q0; double c1,c2; {
double i;
i= cl*log((pl*(1-p0))/(@0*(1-p1))
+ ¢2 * log((ql * (1 -q0)) /(q0 * (1 - q1)))
+ log(((1-p1) * (1 -q1)) /(1 - p0) * (1 - QOD);

return(i); }
/* find the probabilities of quantized levels*/ double P1(1,t,u) double 1,t,u; {
double i;
i=0.5*exp((-1)* (1-u));
retumn(i); }

double P2(1,t,u) double I,t,u;
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double i;
i=1-05%exp((-D* (u-1)
return(i); )

/* find the value of U1 which involves prob p & q */ double U1(t1,2) double t1,12; {

double pl,p0,q1,q0;
double c1.c2;
double P10Q.P20;
double UQ;

double ull,ul0,u21,u20;
double L1,L2;

ull =Ull;

ul0o =U10;

u21 =U21;

020 = U20;

L1 =11;

L2 =12;

if (t1 >=ull && 2 >=u2l) {

pl =P1(L1,t1,ull);

p0 =P1(L1,t1,ul0);

ql =P1(L2,2,u21);

q0 = P1(L2,12,u20);

cl =pl;

c2=ql;

return( U(p1,p0.q1,q0.c1,c2));
)

if (t1 >=ull && 2 >= 120 && 2 < u2l) {

pl =P1(L1tLull);

p0 =P1(L1,t1,ul0);

ql =P2(L2,22,u21);

q0 = P1(1.2,12,u20);

cl =pl;

c2=ql; .

return( U(p1,p0,q1,q0,c1,c2));
}
if (1 >=ull && 2 < u20) {

pl =PI1(L1,t1,ull);

p0 =PI(L1,t1,ul0);

ql =P2(L2,2,u21);

q0 = P2(L2,12,u20);

cl =pl;

c2=ql;

return{ U(p1,p0.q1,q0.c1,c2));
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if (11 <ull && tl >=ul0 && 2 >=u2l) {
pl =P2(L1,t1,ull);
p0 =P1(L1,1,ul0);
ql =P1(L2,2,u21);
q0 = P1(L2,12,u20);
cl =pl;
c2=ql;
return( U(p1.p0.91.00.c1,£2));
)
if (11 <ull && 11 >=ul0 && 2 <u2l && 2 >=u20) {
pl =P2(L111,ull);
p0 =P1(L1,t),u10);
ql =P2(L2,2,u21);
q0 = P1(L2.12,u20);
cl=pl;
2=qL;
return( U(p1,p0.91,90.c1.c2));
)
if (11 <ull && 11 >=ul0 && 2 < u20) {
pl =P2(L1t1,011);
p0 =PI1(L1st1,ul0);
ql =P2(L2,2,u21);
q0 = P2(L2,2,020);
cl =pl;
c2=ql;
return( U(p1,p0.q1.90.c1,62));
)
if 11 <ul0 && 12 >=u21) {
pl =P2(L1t1,ull);
p0 = P2(L1.11,u10);
ql =P1(L2,2,u21);
q0 =P1(L.2.12,u20);
cl =pl;
c2=ql;
rewurn( U(p1,p0.91,90,c1c2));
)
if (11 <ul0 && 2 <u2l && 2 >= u20) {
pl =P2(L1,t1,ull);
p0 = P2(L1,11,u10);
ql = P2(L2,12,u21);
" q0=P1(L2.12,u20);
¢l =pl;
c2=ql;
rerm( U(p1.p0q1.90.c1£2)).
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if (11 <ul0 && 2 <u20)

pl =P2(L1t1,ull);

p0 =P2(L1,t1,ul0);

ql =P2(L2,12,u2l);

q0 = P2(L2,12,u20);

cl=pl;

c2=ql;

return( U(p1,p0,q1.90,c1,c2));
}}

/* find the value of U2 in function G which involves prob p & q */ double U2(11,12) double 11,2; {
double p1,p0,q1,90;
double c1,¢c2;
double P1Q,P20;
double UQ;
double ull,u10,u21,u20;
double L1,L2;
ull =sUlY;
ul0 =U10;
u2l =U21;
u20 = U20;

L1 =11;
12 =12;

if (t1 >= ull && 2 >=u21) {
pl =PI1(L1,t1,ull);
p0 =P1(L1,t1,ul0);
ql =P1(L2,12,u21);
q0 = P1(L2,2,u20);
cl=p0;
c2=q0;
return( U(p1,p0.q1.q0.c1,c2));
)
if (tl1 >=ull && 2>=u20 && 2 <u2l) {
pl =Pi(L1,t1,ull);
p0 = P1(L1,t1,ul0);
ql =P2(L2,12,u2l);
q0 =P1(L2,12,u20);
¢l =p0;
c2 =q0;
return( U(p1,p0.q1,90,c1,c2));
)
if (11 >=ull && 2 < u20) {
pl =PI1(L1t1ull);
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p0 =P1(L1,t1,ul0);

ql =P2(L2,12,u2l);

q0 = P2(L2,12,u20);

tl =p0;

c2=q0;

return( U(p1,p0,q1,40,c1,c2));
}
if (t1 <ull && tl1 >= ul0 && 2 >=u2l1) {

pl =P2(L1,t1,ull);

p0 =P1(L1,t1,ul0);

ql =P1(L2,12,u2l);

q0 = P1(L2,12,u20);

cl =p0;

c2=q0;

return( U(p1,p0,q1.90,c1,2));
}
if (t1 <ull && 1l >=ul0 && 12 < w21 && 2 >= u20) (

pl =P2(L1,t1,ull);

p0 = P1(L1,t1,u10);

ql =P2(L2,12,u21);

q0 = P1(L2,12,u20);

cl =p0;

c2=q0;

return( U(p1,p0,q1,q0.c1,c2));
}
if (11 <ull && tl >=ul0 && 2 <u20) {

pl =P2(L1,t1,ull);

p0 =P1(L1,t1,ul0);

ql =P2(L2,12,u2l);

q0 = P2(L.2,12,u20);

¢l =p0;

c2 =q0;

return( U(p1,p0,q1,40,c1,c2))
) .
if (11 <ul0 && 12 >=u2l) {

pl =P2(L1,tlLull);

p0 =P2(L1,t1,ul0);

ql =P1(L2,12,u2l);

q0 = P1(L2,12,u20);

cl=p0;

c2=q0;

return( U(p1,p0,q1,q0,c1,c2));
)
if (11 <ul0 && 2 <u2l && 12 >=u20) {

pl =P2(L1t1ull);
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p0 = P2(L1,t1,ul0);

ql =P2(L2,2,u2l);

q0 = P1(L2,2,u20);

cl =p0;

c2 =q0;

return( U(p1,p0,q1,90,c1,c2));
)
if 11 <ul0 && 12 <u20) {

pl =P2(L1,t1,ull);

p0 =P2(L1,1,u10);

ql =P2(L2,12,u2l);

q0 = P2(L2,12,u20);

¢l =p0;

c2=q0;

return( U(pl,p0,q1,gN.c1,c2));
)}

[*calculate constants in function G*/ double Cons1() {
double a,b;

double A,B;

double i;

A = (beta) / (1 - alpha);

B = (1 - beta)/ alpha;

a = log(A);

b =log(B);
i=@*A*(B-1)+b*B*(1-A)/(B-A);
return(i); }

double Cons0() {
double a,b;
double A,B;
double i;
A = (beta) / (1 - alpha);
B = (1 - beta) / alpha;
a = log(A);
b = log(B);
i=@*@B-D+b*(1-A)/(B-A)
return(i); )
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APPENDIX B

Program for Evaluation of G Function of Four-level Quantizer System

This program calculates the G function of four-level quantizer system for vari-
ous parameters. The means of double exponential and error probabilities are pro-
vided, and then this program calculate the probabilities associated with each quan-
tized level for different four-level quantizers. The main routine find the value of G.

The plots in chapter 4 are provided by this program.
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/ttttt*t#*#“*ﬁ*#‘t**#*##t*‘*t*t**#‘#*i#**###*****#*‘tttt*tl*t*tt#*

This program is used to find the minimum number of data that

required to determine whether a target is present by

appling sequencial detection theory. Two independent sensers

are used to detect the signals from the source. G function is

calculated using various four-level quantizers.
****#******#t***t**t**#********t*******************#********#*******/ #include
<stdio.h> #include <math.h> #define alpha 0.05 #define beta 0.01 #define U10 -3 #define Ull 3
#define U20 -5 #define U21 5 #define 11 0.25 #define 12 0.125 #define T1 -0.1 #define T2 -0.0

main() M find min G and store the data for further uses*/ (
double D1,D2;
double Cons1(),Cons0();
double U1();
double P10,P20,P30,P40,P50,P60,P70;
double f;
double m,d: d4;
double U();
int k;
FILE *fpout,*fp;

m = 10%0.0;
d3=0.0;
d4 = 0.0; /ﬁ‘****‘t****#tt#‘**#*tt*#*t#*##*#*‘*t*tt******#*t****#**t * calculate G
function * #ttttu#t***t##*#‘******t*****tt*!l**#t*“*t*tt###*tt*t*tt*l
fpout = fopen("chap4fig6.t","w");
fp = fopen("supfig6.t”,"w");
for (D1=0.1; D1 <=3.0; D1=D1 +0.1) {
for (D2=0.1;D2<=5.0;D2 =D2+0.1) {
f = (Cons1() /UI(D1,D2,1)) + (Cons0Q / U1(D1,D2,0));
if (f<=m) {
m = f;
d3=DI;
d4 = D2; .
}
fprintf(fpout,”%5.2f %7.2f %10.4f0,D1,D20);
)
)
fprintf(fp,"%S.2f %5.2f %10.41,d3,d4,m);
fclose(fpout);
fclose(fp); )

/ﬁt*t*t**#“O#t‘ttt*tttt#t#i****#tttttc#it#t*#‘*#t**t*tt*#t*tt******tttttt’
double U(p41,p31,p21,p11,p40,p30,p20,p10,941,q31,g21,q11,q40,q30,q20,q10k) /* calculate the U
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expression */ double p41,p31,p21,p11,p40,p30,p20,p10; double q41,931,q21,q11,940,g30,920,q10; int

k; {
double i,a,b;
" if(k == 0){

a= pl0* ql0 * log((pll * q11)/(p10 * q10))
+p20 * q10 * log((p21 * q11) / (p20 * q10))
+p30* q10 * log((p31 * q11) / (p30 * q10))
+p40 * q10 * log((p41 * q11) / (p40 * q10))
+p10* q20 * log((p11 * q21) / (p10 * q20))
+p20 * q20 * log((p21 * q21) / (p20 * q20))
+p30 * q20 * log((p31 * q21) / (p30 * q20))
+p40 * 20 * log((p41 * q21) / (p40 * q20));
b= p10 * q30 * log((p11 * q31) / (p10 * q30))
+ p20 * q30 * log((p21 * q31) / (p20 * q30))
+p30 * g30 * log((p31 * q31) / (p30 * q30))
+p40 * q30 * log((p41 * q31) / (p40 * q30))
+ pl10 * q40 * log((p11 * q41) / (p10 * q40))
+ p20 * q40 * log((p21 * q41) / (p20 * q40))
+p30 * q40 * log((p31 * q41) / (p30 * q40))
+ p40 * q40 * log((p41 * q41) / (p40 * q40));
i=za+b;
return(i);
)
ifk==1){
a= pll*qll*log((pll*qll)/(p10* ql0))
+p21 * ql1 * log((p21 * q11) / (p20 * q10))
+p31 * q11 * log((p31 * q11) / (p30 * q10))
+p41 * qll * log((p41 * q11) / (p40 * q10))
+pll * 21 * log((p11 * q21) / (p10 * q20))
+ p21 * q21 * log((p21 * q21) / (p20 * q20))
+p31 * q21 * log((p31 * q21) / (p30 * q20))
+p41 * q21 * log((p41 * q21) / (p40 * q20));
b= pll*q31 *log((pll * q31)/ (p10 * q30))
+p21 * 31 * log((p21 * q31) / (p20 * q30))
+p31 * q31 * log((p31 * q31) / (p30 * q30))
+p4l * q31 * log((p41 * q31) / (p40 * q30))
+pll * g4l * log((pl1 * q41) / (p10 * q40))
+p21 * g41 * log((p21 * q41) / (p20 * q40))
+p31 * g41 * log((p31 * q41) / (p30 * q40))
+p41 * q41 * log((p41 * q41) / (p40 * q40));
i=a+b;
return(i);

J}

/*-‘t*tttt‘ttt**ttt#‘t‘tt*t*tt.t““lt.“‘ttt*#ttt#t“*/
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/* find the probabilities of quantized levels */ double P1(u,Lt) double 1,t,u; (
double i;
i=0.5*exp((-D * (t- v));
return(i); }

double P2(u,1,t.d) double u,1,t.d; {
double i;
i=1-05*exp((-D* (u-1)-05*exp((-) * (t+d-u))
return(i); }

double P3(u,l,t) double 1,t,u; {
double i;
i=0.5*exp((-D* (u-t);
rcturn(i); }

double P4(u,1,t) double Ltu; {
double i;
i=1-05*exp((-D*(u-t))
returnyi); )

double P5(u,1,t.d) double ul,t.d; {
double i;
i=-05*exp((-D*(-1))+05*exp((-D* (u-t-d))
retumn(i); }

double P6(u,1.t,d) double u,ltd; {
double i;
i=0S5*exp(-D*(t-u)-05*exp((-D*(t+d-u));
return(i); )

double P7(u,l,t) double Ltu; {
double i;
i=1-05%*exp((-D*(t-u))
return(i); }

/#***#t*!Il******#*#***********#***t#*******t***##ﬁ***#*t/

/* find the value of U1 which involves prob p & q */ double U1(d1,d2,k) double d1,d2; int k; {

double p11,p21,p31,p41;

double p10,p20,p30,p40;

double q11,921,q31,g41;

double q10,q20,q30,q40;

double P10Q,P20.,P30,P40.P50,P60.P70;

double UQ;

double ul1,u10,u21,u20;
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double L1,L.2;
double t1,22;

tl
7]

=TIl;
=T2;

ull =Ull;

ul

0=U10;

u2l = U21;
u20 = U20;
L1 =11;
L2 =12;

if ((t1+d1) < ull && (11-d1) >= ul0 && (12+d2) < u21 && (2-d2) >= u20)

(

)

p41 =P4(ull.L1tl+dl);
p31 =P5(u11,L1,t1,dl);
p21 =P5(uil1,L1,t1-d1,d1);
pll =P3(ul1,L1.t1-d1);
p40 =P1(u10,L1,t1+d1);
p30 =P6(ul0,L1,1,d1);
p20 = P6(ul0,L.1,t1-d1,d1);
pl0=P7(ul0O,L1,t1-d1);

g4l =P4(u21,L.2,02+d2);
q31 =P5(u21,L2,2,d2);
q21 = P5(u21,L2,2-d2,d2);
ql1 =P3(u21,L2,12-d2);
q40 = P1(u20,L2,2+d2);
q30 = P6(u20,L.2,2,d42);
q20 = P6(u20,L2,12-d42,d2);
q10 =P7(u20,L2,2-d2);

return( U(p41,p31,p21,p11,p40,p30,p20,p10,q41,9431,421,q11,q40,930,q20,q10,

k)

if((t1+d1)<ull && (t1-d1)>= ul0 & & (12+d2)<u2l && (12-d2)<u20 )

{

p41 = P4(ul1,L1,t1+d1);
p31 =P5(uil L1,1,dl);
p21 =P5(ul1,L1,t1-d1,d1);
pll =P3(ullL1,t1-d1);
p40 = P1(u10,L1,t1+d1);
p30 =P6(ul0,L1,1,d1);
p20 = P6(u10,L1,11-d1,d1);
p10=P7(ul0L1,1-d1);
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g4l = P4(u21,L2,12+d2);
q31 =P5(u21,L2,12,d2);
q21 = P5(u21,L2,2-d2,d2);
qll =P3(u21,L2,2-d2);
q40 = P1(u20,L.2,2+d2);
q30 = P6(u20,L.2,12,d2);
q20 = P2(u20,L.2,12-d2,d2);
ql0 = P3(u20,L.2,2-d2);
return( U(p41,p31,p21,p11,p40,p30,p20,p10,q41,g31,q421,q11,940,930,g20,q10,
k)

)

if((t1+d1)<ull && (t1-d1)>= ul0 && (12+d2)>=u2l && (2-d2)>=u20)

{
p41 = P4(ullL1,tl1+dl);
p31 =P5(ull,L1,t1,d1);
p21 =P5(ull,L1,t1-d1,d1);
pll=P3(ullL1,tl-dl);
p40 = P1(ul0,L1,t1+d1);
p30 = P6(ul0,L1,t1,d1);
p20 = P6(ul0,L1,t1-d1,d1);
p10 =P7(ul0,L1,t1-d1);

g4l =P1(u21,L2,12+d2);
q31 =P2(u21,L2,2,d2);
q21 =P5(u21,L2,12-d2,d2);
qll =P3(u21,L2,2-42);
q40 = P1(u20,L.2,2+d2);
q30 = P6(u20,L.2,2,d2);
q20 = P6(u20,L.2,12-d2,d2);
q10 = P7(u20,L2,12-d2);
return( U(p41,p31,p21,p11,p40,p30,p20,p10,q41,q31,q21,911,440,930,q20,q10,
k):

)

if((t1+d1)<ull && (t1-d1)>= ul0 & & (12+d2)>=u2l && (12-d2) < u20)

{
p41 =P4(ull L1t1+d1);
p31 =P5(ullL1,1,41);
p21 = P5(ullL1,11-d1,d1);
pll =P3(ullL1,t1-d1);
p40 = P1(u10,L1,t1+d1);
p30 =P6(ul0,L1,t1,d1);
p20 = P6(u10,L1,t1-d1,d1);
p10 =P7(ul0,L1,1-d1);

q41 = P1(u21,1.2,2+d2);
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q31 =P2(u21,L.2,12,d2);
q21 = PS(u21,.L.2,2-d2.d2);
q11 = P3(u21,L2,2-d2);
940 = P1(u20,L.2,2+d2);
q30 = P6(u20,L.2,2,d2);
q20 = P2(v20,L.2,12-d2,d2);
q10 = P3(u20,L2,2-d2);

retrn( U(p41,p31,p21,p11,p40,p30,p20,p10,g41,q31,421,q11,940,q30,20,q10,

L 9)3

}/‘t*tt###tt*lttt*tt‘t*t#‘*#t

LR L L 2] ***#*'*#t/

if ((11+4d1) <ull && (11-d1) <ul0 && (2+d2) < u2l && (2-d2) >= u20)

(

p41 =P4(ull,L1,t1+d1);
p31 =P5(ull,L1,t1,dl);
p21 =P5(ull L1,t1-d1.d1);
pl1 =P3(ull,L1,t1-dl);
p40 = P1(n10,L1,11+d1);
p30 = P6(u10,L.1,11,d1);
p20 = P2(u10,L1,11-d1.d1);
pl0 = P3(u10,L1,11-d1);

q41 = P4(u21,L2,2+d2);
q31 =P5(u21,.L2,2,d2);
q21 = P5(u21,L.2,2-d2,d2);
q11 = P3(u21,L.2,2-d2);
G40 = P1(u20,L.2,2+d2);
q30 = P6(u20,L.2,22,d2);
q20 = P6(u20,L.2,2-d2,d2);
q10 = P7(u20,L.2,2-42);

remm( U(p41,p31,p21,p11,p40,p30,p20,p10,g41,q31,921,411,440,430,420,q10,

k)
}

if((t1+d1)<ull && (t11-d1)< ul0 && (2+d2)<u2l && (12-d2)<u20)

{

p41 =P4(ull,L1,t14d1);
p31 =P5(ull,L1,1,41);
p21 =P5(ul1,L1,.41-d1,d1);
pil =P3(ullL1,1-d1);
p40 = P1(u10,L1,t1+d1);
p30 = P6(ul0,L1,1,d1);
p20 = P2(u10,L.1,t1-d1,d1);
p10 = P3(ul0,L1,t1-d1);
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@41 = P4(u21,.L2,2+42);
q31 = P5(u21,L2,2,d2);
q21 =P5(u21,12,12-d2,d2);
ql1 = P3(u21,L2,2-d2);
q40 = P1(u20,L.2,2+d2);
q30 = P6(u20,L.2,2,d2);
q20 = P2(u20,L.2,2-d2,d2);
q10 = P3(u20,.L.2,2-d2);
return( U(p41,p31,p21,p11,p40,p30,p20,p10,q41,931,921,911,940,430,q20,q10,
k));

}

if((t1+d)<ull && (11-d1) < ul0 && (12+d2)>=u2l && (2-d2)>=u20)

(
p41=P4(ull Ll ti+dl);
p31=P5(ullL1tl.dl);
p21 = P5(ull,L1,t1-d1.d1);
pll =P3(ullL1,tl-dl);
p40 =P1l(ul0,L1,t1+d1);
p30 = P6(ul0,L1,t1,d1);
p20 = P2(ul0,L1,t1-d1,d1);
p10 =P3(u10,L.1,t1-d1);

q41 = P1(u21,L2,2+d2);

q31 =P2(u21,L2,2,42);

q21 =P5(u21,12,2-d2,d42);

qll =P3(u21,L2,12-d2);

q40 =P1(u20,L2,12+d2);

q30 = P6(u20,L.2,12,d42);

q20 = P6(u20,L.2,2-d2,d2);

ql10 = P7(u20,L2,12-d2);

return( U(p41,p31,p21,p11,p40,p30,p20,p10.941,931,921,q11,940,930,q20,q10,

k)

) .
if((t1+d1)<ull && (11-d1) < ul0 && (12+d2)>=u2] && (2-d2)<u20)
{

pd1 =P4(ullL1,t1+d1);

p31 =P5(ullL1,11,d1);

p21 =P5(ul1L1,t1-d1.d1);

pll =P3(ullL1,l-dl);

p40 =P1(ul0L1,t1+d1);

p30=P6(ul0,L1,t1,d1);

P20 = P2(ul0,L1,t1-d1,d1);

p10 =P3(ul0,L1,t1-d1);

g41 = P1(u21,L.2,2+d2);
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Q31 =P2(u21,L2,2.d2);

q21 =P5(u21,L2,12-d2,d2);

qll = P3(u21,L2,12-d2);

q40 = P1(u20,L.2,12+d2);

q30 = P6(u20,L.2,12,d2);

q20 = P2(u20,L.2,2-d2,d2);

q10 = P3(u20,L2,12-d2);

return( U(p41,p31,p21,p11,p40,p30,p20,p10,g41.q31.921,q11,340,q30,q20,q10,

k).

} /‘#*#****#***tt**#t*t*****#t**tt**‘tt**t**##***t*t***t#*****#**#t‘**/

if ((t1+d1) >=ull && (11-d1) >=ul0 && (12+d2) <u2l & & (12-d2) >= u20)
{

p41 =Pl(ull,L1,t1+d1);

p31=P2(ul1,L1,t1.d1);

p21 =P5(ull,L1,t1-d1.d1);

pll =P3(ullL1,tl-dl);

p40 =P1(ul0,L1,t1+d1);

p30=P6(ul0,L1,t1,d1);

p20 =P6(ulQ,L1,t1-d1,dI);

p10=P7(ul0L1,1-d1);

g4l = P4(u21,1.2,12+d2);
q31 = P5(u21,1.2,2,d2);
q21 =P5(u21,1.2,2-d2,d2);
ql1="P3(u21,L2,2-d2);
q40 = P1(u20,L.2,2+d2);
q30 = P6(u20,L.2,2,d2);
q20 = P6(u20,L.2,12-d2,d2);
q10 = P7(u20,L.2,R2-d2);

return( U(p41,p31,p21,p11,p40,p30,p20,p10,q41,931,9421,q11,440,q30,q20,q10,
k)

} .
if((t1+d1)>=ull && (t1-d1)>=ul0 && (2+d2)<u2l && (12-d2)<u20)
{

p41 =Pl(ull L1tl+i1);

p31 =P2(ullL1,t1,dl);

p21 =P5(ul1l,L1tl-d1,dl1);

pll1=P3(ull,L1,1-dl);

p40 =P1(ul0,L1,t1+d1);

p30 = P6(ul0,L1,1,d1);

p20 = P6(u10,L1,t1-d1,d1);

p10 =P7(ul0L1,t1-d1);
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q41 = P4(u21,L.2,2+d2);
q31 = P5(u21,L2,2,d2);
q21 =P5(u21,L2,2-d2,d2);
qll =P3(u21,L2,2-d2);
q40 = P1(v20,1.2,12+d2);
q30 = P6(u20,L.2,12,d42);
q20 = P2(u20,L.2,2-d2,42);
ql0 = P3(u20,L2,12-d2);

return( U(p41,p31,p21,p11,p40,p30,p20,p10,g41,q31,921,q11,940,930,q20,410,

k));
I .

if{(11+d1)>=ull && (t1-d1) >=ul0 && (12+d2)>=u21 && (2-d2)>=u20)

{

p41 = Pl(ull,L1,t1+d1);
p31=P2(ull.L1,t1,d1);
p21 = PS(ul1,L14t1-d1,d1);
p11 = P3(ull.L1,t1-d1);
p40 = P1(u10,L1,t1+d1);
p30 = P6(ul0,L1,t1,d1);
p20 = P6(u10,L1,t1-d1,d1);
p10 = P7(u10,L1,t1-d1);

q41 = P1(u21,L2,2+d2);
q31 =P2(u21,L2,2,d2);
q21 = P5(u21,1.2,»-d2,d2);
ql1 =P3(u2l1L2,R-d2);
q40 = P1(u20,L2,2+d2);
q30 = P6(u20,L2,2,42);
q20 = P6(u20,1.2,2-d2,d2);
q10 = P7(u20,L2,12-d2);

return( U(p41,p31,p21,p11,p40,p30,p20,p10,g41,q31,921,q11,9440,930,q20,q10,

k));
}

if((11+d1) >=ull && (t1-d1) >=ul0 && (12+d2)>=u21 && (12-d2)<u20 )

(

p41 =Pl(ull,L1,1+dl);
p31 =P2(uli,L1t1,d1);
p21 =PS(ul11,L1,t1-d1,d1);
pl1 =P3(ullL1,t1-dl);
p40 = P1(ul0,L1,t1+d1);
p30 =P6(ul0,L1,1,d1);
p20 = P6(ul0,L1,11-d1,d1);
p10=P7(ul0,L1,t1-d1);

41 = P1(u21,L2,2+d2);




q31 = P2(u21,L.2,2,d2);

q21 =P5(u2112,2-d2,d2);

ql1 =P3(u21,L2,12-d2);

*q40 = P1(u20,L2,12+d2);

q30 = P6(u20,L2,12,42);

q20 = P2(u20,L.2,12-d2,d2);

q10 = P3(u20,L.2,12-d2);

return( U(p41,p31,p21.p11,p40,p30,p20,p10,g41,q31.921,q11,9440,930.q20,q10,

k)

] /ﬁt#t*#**t#t#t##*‘t*#*#ttt‘tt*##t&*ttt*t**###t****‘##‘t***tt***tt##‘/

if ((t1+d1) >=ull && (t1-d1) < ul0 & & (12+d2) < u2l && (2-d2) >= u20)
(

p4l =P1(ullL1,t1+dl);

p31 =P2(ul1,L1,11,d1);

p21 = P5(ullL1,1-d1,dl);

pl1=P3(ullL1,;1-dl);

p40 = P1(ul0,L1,11+d1);

p30 = P6(ul0,L1,t1,d1);

p20 = P2(ul0,L1,t1-d1.d1);

p10 =P3(u10,L1,t1-d1);

q41 = P4(u21,L2,2+42);
q31 = P5(u21,L2,12,d2);
q21 =P5(u21,L2,2-d2,d2);
ql1 = P3(u21,L2,12-d2);
q40 = P1(u20,L.2,2+d2);
q30 = P6(u20,L.2,12,d2);
q20 = P6(u20,L.2,12-d2,d2);
q10 = P7(u20,L2,12-d2);

return( U(p41,p31,p21,p11,p40,p30,p20,p10,q41,931,421,q11,340,q30,q20,q10,
L)

}
if((t1+d1)>=ull && (t1-d1) < ul0 && (2+d2)<u2]l && (12-d2)<u20)
(

p4l =Pl(ul1L1,t1+d1);

p31 =P2(ull,L1,:1,d1);

p21 =P5(ull,L1,11-d1,d1);

pl1 =P3(ull L1,1-d1);

p40 = P1(ul0,L1,t1+d1);

p30 = P6(ul0,L1,1,d1);

p20 = P2(ul10,L1,41-d1,d1);

p10 = P3(u10,L1,t1-d1);
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qd41 = P4(u21,L2,12+d2);
q31 =P5(u21,L2,2,d2);
q21 =P5(u21,L2,2-d2,d2);
qll = P3(u21,L2,12-d2);
q40 = P1(u20,L.2,2+d2);
q30 = P6(u20,L.2,22,d2);
q20 = P2(u20,L.2,12-d2,d2);
q10 = P3(u20,L2,12-d2);
return{ U(p41,p31,p21,p11,p40,p30,p20,p10,q41,931,921,q11,340,930,20,q10,
k));

}

if((t1+d1)>=ull && (11-d1) < ul0 && (2+d2)>=u21 && (12-d2)>=u20)

{
p41 =Pl(ul1,L1,t1+dl);
p31=P2(ullL1,t1,d1l);
p21 =P5(ull,L1,1-d1,d1);
plI=P3(ullL1,l-dl);
p40 = P1(ul0,L1,t1+dl);
p30 =P6(ul0,L1,t1,d1);
p20=P2(ulQ,L1,t1-d1,d1);
p10=P3(ulQ,L1,t1-d1);

q41 =P1(u21,L2,2+d2);
q31 =P2(u21,L2,2,d2);
q21 =P5(u21,L2,12-d2,d2);
qil =P3(u21,L2,2-d2);
q40 = P1(u20,L.2,2+d2);
q30 = P6(u20,L.2,12,d2);
q20 = P6(u20,L.2,12-d2,d2);
q10 = P7(u20,L2,12-d2);
return( U(p41,p31,p21,p11,p40,p30,p20,p10,q41,931.921,q11,940,q30,q20,q10,
k)

}

if((t1+d1) >=ull && (11-d1) < ul0 && (12+d2)>=u2] && (12-d2)<u20)

{
p41l =Pl(ull,L1tl+dl),
p31 =P2(ull,L1,tl,dl);
p21 =P5(ul1,L1,1-d1,d1);
pl1 =P3(ull,L1,tl-d1);
p40 =P1(ul0,L1,t1+d1);
p30 =P6(ul0,L1,1,d1);
p20 = P2(ul0,L1,t1-d1,d1);
p10 =P3(ul0,L1,1-d1);

q41 = P1(u21,L2,2+d2);
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q31 =P2(u21,L2,2,d42);
q21 = P5(u21,L.2,12-d2,d2);
qll = P3(u21,.2,22-d2);
q40 = P1(u20,L.2,12+d2);
q30 = P6(u20,L.2,2,d2);
q20 = P2(u20,L.2,2-d2,d2);
q10 = P3(u20,L.2,12-d2);
return( U(p41,p31,p21,p11,p40,p30,p20,p10,q41,q31,921,911,940,q30,920,q10,
k));
))

/*tt*****t****tt*t***tt#tttt#t**##*#t**t##**#‘*t#tt*#*t/

[*calculate constants in the G function */ double Cons1()
double a,b;
double A,B;
double i;
A = (beta) / (1 - alpha);
B = (1 - beta) / alpha;
a=log(A);
b = log(B);
i=@*A*@B-1)+b*B*(1-A)/(B-A),
retum(i); }

double Cons0() {
double a,b;
double A,B;
double i;
A = (beta) / (1 - alpha);
B = (1 - beta) / alpha;
a=log(A);
b =log(B);
i=@*(B-1)+b*(1-A)/(B-A)
return(i); }
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APPENDIX C

Program for Evaluation of G Function of Two-level Quantizer System

This program is to generate double exponential random environment, and it is
then be used to simulate the sequential detection system with two and four level
quantization. The number of data that have to be collected to determine which signal
has been received is calculated. This program makes comperison between 2 and 4
level quatizers.

Since these two sensors are independent, the random generator is started twice
in order to make the environment of sensor one independent from the one of sensor
two.

a8




#define RND(seed) rand(seed) / 32767. #define RND(weed) rand(weed) / 32767.
#define max 500 #include <math.h> #include <stdio.h> int rand(); void srand();
unsigned int seed; unsigned int weed;

main() {
float y1,y2;
float lamda,lamdal;
float u0,ul,U0,U];
float al1,a12,a01,a02; /* quantized areas for 2 level quantizer */
float ar11,ar12,ar13,ar14,ar01,ar02,ar03,ar04; /* quantized areas for 4 level*/
float A11,A12,A01,A02;
float Ar11,Ar12,Ar13,Ar14,Ar01,Ar02,Ar03,Ar04;
float t1,12;
float T1,T2,Deltal, Delta2;
float f1, fO;
float F1, FO;
float ff1, ff0;
float FF1, FFO;
float A,B;
float miss1,miss2;
float testl,test2;
float arriv1(), arriv2();
float Areal(), Area2(),Area3(), Aread(), Area5(), Area6(), Area7();
float alpha, beta;
int 1,j,k,m,n;
int okl, ok2;
int Nl1l[max+1];
int N2[max+1];
FILE *fpl, *fp2, *fp3, *fp4;

/* initial the random number for sensor 1 ¥/
seed = time(&seed);
srand(sezd); /*Given the constants of double exponential function*/
lamda = 0.25;
lamdal = 0.125;
u0 =-3.0;
ul =3.0;
U0=-5.0;
U1 = 5.0; /*define the optimal quantizers of for sensor 1 and 2 */
tl =0.0;
t2 =0.0;
T1 =0.0;
T2 =0.0;
Deltal = 2.0;
Delta2 = 3.3;
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alpha = 0.05;

beta = 0.01; /*calculate the threshold of sequential test*/

A=beta/(1-alpha);

B=(1-beta,/alpha;

fpl = fopen("numlfigd","w");

fp2 = fopen("num2figd”,"w");

fp3 = fopen("mis1figd","w");

fp4 = fopen("mis2figd","w"); /*find the probabilities of each quantized level for a

given */ /* quantizer */

all = Area2(lamda,ul,tl);

al2 = Area3(lamda,ul,tl);

a0l = Aread4(lamda,u0,t1);

a02 = Areal(lamda,u0,tl);

All = Area2(lamdal,Ul,12);

Al12 = Area3(lamdal,U1,12);

A0l = Area4(lamdal,U0,t2);

A02 = Areal(lamdal,U0,t2);

if (( T1 + Deltal) >=ul)

{
arll = Area2(lamda,ul,T1-Deltal);
arl2 = AreaS(lamda,ul,T1-Deltal,T1);
ar13 = Area7(lamda,ul,T1,Deltal+T1);
arl4 = Areal(lamda,ul,T1+Deltal);
ar01 = Area2(lamda,u0,T1-Deltal);
ar02 = Area7(lamda,u0,T1-Deltal, T1);
ar03 = Area6(lamda,u0,T1,T1+Deltal);
ar04 = Areal(lamda,u0,T1+Deltal);

)

if (( T1 + Deltal ) <ul )

{
arll = Area2(lamda,ul,T1-Deltal);
arl2 = Area5(lamda,ul,T1-Deltal, T1);
arl3 = AreaS(lamda,ul,T1,Deltal+T1);
arl4 = Area3(lamda,ul,T1+Deltal);
ar01 = Aread(lamda,u0,T1-Deltal),
ar(2 = Area6(lamda,u0,T1-Deltal,T1);
ar03 = Area6(lamda,u0,T1,T1+Deltal);
ar04 = Areal(lamda,u0,T1+Deltal);

)

if( (T2 + Delta2) >=U1)

{

Arll = Area2(lamdal,U1,T2-Delta2);
Arl12 = AreaS(lamdal,U1,T2-Delta2,T2);
Arl3 = Area7(lamdal,U1,T2,T2+Delta2);
Arl4 = Areal(lamdal,U1,T2+Delta2);
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Ar01 = Area2(lamdal,U0,T2-Delta2);
Ar02 = Area7(lamdal,U0,T2-Delta2,T2);
Ar03 = Area6(lamdal,U0,T2,T2+Delta2);
Ar(4 = Areal(lamdal,U0,T2+Delta2);
}
if( (T2 + Delta2) < Ul)
{
Arll = Area2(lamdal,U1,T2-Delta2);
Arl2 = Area5(lamdal,U1,T2-Delta2,T2);
Arl3 = Area5(lamdal,U1,T2,T2+Delta2);
Arl4 = Area3(lamdal,U1,T2+Delta2);
ArQl = Aread4(lamdal,U0,T2-Declta2);
Ar02 = Area6(lamdal,U0,T2-Delta2,T2);
Ar03 = Area6(lamdal,U0,T2,T2+Delta2);
Ar(M4 = Areal (lamdal,U0Q,T2+Delta2);
} /* initial the random number for sensor2  */
weed = time(&weed);
srand(weed);

m=0;
n=0;
for(i=1; i<= max; i++)
{
i=0;
k=0;
okl =0;
ok2 =0;
testl = 1.0;
tes2 = 1.0;
- while{(okl == 0) Il (0k2 =10))
{
yl = arrivl(lamda,ul);
y2 = arriv2(lamdal,U1);

/* calculate the number of collected data from two-level quantizer */

if(okl ==0)
{

if(yl >=t1)
{

fl =al2;
0 =a02;

}
else if (y1 <=t1)
{
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fl1 =all;
fO = a01;
}
if(y2 >=12)
(
Fl1=A12;
FO = A02;
}
else if (y2<=12)
{
Fl1 =Al11;
FO = A0];
}
testl = ((f1 * F1) / (fO * FO))*test1;
if((testl >=B) Il (test]l <= A))
okl =1;
if(testl <= A)
{
m++;
)
i+
} /* calculate the number of collected data from four-level quantizer */
if(ok2 == 0)
{
if(yl < T1 - Deltal)
{
ffl = arll;
ff0 = ar01;
}
if(yl >=(T1 - Deltal) && yl1 <T1)
{
ff1 = arl2;
ff0 = ar02;
) .
if(yl >=T1 && y1 < (T1 + Deltal))
{
ff1 = arl3;
ffO = ar03;
)
if(yl >= (T1 + Deltal))
{
ff1 = arl4,
ff0 = ar04;
}
if(y2 < (T2 - Delta2))
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{
FF1 = Arll;
FFO = Ar01;
}
if(y2 >= (T2 - Delta2) && y2 < T2)
{
FF1 = Arl2;
FFO = Ar02;
}
if(y2 >= T2 && y2 < (T2 + Delta2))
{
FF1 = Arl3;
FF0 = Ar03;
)
if(y2 >= (T2 + Delta2))
{
FF1 = Arl4;
FFO = Ar(4;
}
test2 = ((ff1 * FF1) / (ff0 * FFO))*test2;
if((test2 >= B) Il (test2 <= A))
ok2 =1;
if(test2 <= A)
n++;
k++;
)
)
N1[i] =j;
N2[i] =k;
fprintf(fp1,"%d %d0,i,N1[i]);
fprintf(fp2,"%d %d0,i,N2[i]);
)
fclose(fpl);
fclose(fp2);
fclose(fp3);
fclose(fp4); } /* generate the enviornment H1 for sensor 1  */ float arrivli{}, u)
float 1, u;

{
float z,r;
int k)y;
double x;

x = RND(seed);
if (x <0.5 && x> 0.0)
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{
y=1
z=u+(y*log2*x))/1;
return(z);

)

else if (x >=0.5 && x < 1.0)

{

= -1;

z=u+(y*log(2*(1-x))/1;
return(z);

} } /* generate the enviornment H1 for sensor 2  */ float arriv2(], u ) float 1, u;

{
float z,r;
int k,y;
double x;
x = RND(weed);
if(x<0.5&&x>0.0)
{
y=1
z=u+(y*log2*x))/1;
return(z);
)
elseif (x>=0.5&&x<1.0)
{
=-1;
z=u+y*(og(2*(1-x))/1;
return(z);
}}

/* calculate the probabilies of different quantized region for */ /* two and four-level
quantizer */

float Areal(l,u,x) float L,u,x; {

return(0.5 * exp(-1 * (x - u)));.} float Area2(l,u,x) float Lu,x; {

return(0.5 * exp(-1 * (u - x))); } float Area3(l,u,x) float Lu,x; {

return(1 - 0.5 * exp(-1 * (u - x))); } float Aread(l,u,x) float Lu,x; {

return(1 - 0.5 * exp(-1 * (x - u))); } float Area5(l,u,x,y) float Lu,x,y; {

return(0.5 * exp(-1 * (u - y)) - 0.5 * exp(-1 * (u - x))); } float Area6(l,u,x,y) float
Lu,x,y; { \

return(0.5 * exp(-1 * (x - u)) - 0.5 * exp(-1 * (y - u))); ) float Area7(l,u,x,y) float
Lu,x,y; {

return(1 - 0.5 * exp(-1 * (u - x)) - 0.5 * exp(-1 * (y - u))); }
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